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ABSTRACT

Vestibular responsiveness of 90 normal- and 31 impaired-hearing
children from 4 through 16 years of age was investigated using a modi
fied Barany-chair test to provide horizontal angular acceleratory
stimuli to the semi-circular canals and a parallel swing to provide
alternating horizontal linear acceleratory stimuli to the otolithic end
organs.

Children's eye movements behind a sleep mask in response to

vestibulo-ocular reflexes initiated by the angular and linear accelera
tions were recorded via electronystagmography and telemetry.

Mean

frequency, amplitude, and slow phase velocity of primary postrotatory
nystagmus and presence or absence and latency of secondary per- and
postrotatory nystagmus were obtained for each child.

Compensatory eye

movements in response to alternating linear accelerations produced by
swinging were recorded.

When possible, children reported their after

sensations of movement and visceral reactions to both tests.

All

children had some per- and postrotatory primary nystagmus in response to
cessation of rotation; most children had per- and postrotatory secondary
nystagmus as well.

Differences in quality and quantity of both primary

and secondary nystagmus existed among children.

Compensatory eye move

ments occurred for a minimum of four oscillations of the swing in all
children who maintained a sufficient level of mental alertness while
swinging.

During rotatory testing 10 hearing-impaired children had con

sistently diminished nystagmic responses and denied any aftersensations
or visceral reactions, all suggestive of bilateral semi-circular canal
pathology, but had criterion-level compensatory eye movements suggestive
xiii

of normal otolithic function.

The remaining 21 hearing-impaired chil

dren tested had eye movements and reports of aftersensation and
visceral reaction in response to both tests comparable- to those of
control children their age.

Results of this study suggest that one can

evaluate both semi-circular canal and otolithic responsiveness in
normal- and impaired-hearing children as young as 4 years of age with
minimal anxiety and discomfort to the subject using a modified Barany
procedure and a parallel swing with electronystagmography and telemetry.
Two methods of classifying nystagmus in response to rotatory testing as
normal or below normal are offered.

Early screening for peripheral

vestibular deficits in hearing-impaired children is advisable.

xiv

INTRODUCTION

Status of Vestibular Function Testing in Hearing-Impaired Children
Importance of vestibular function testing in hearine-impalred
children.

Although the hearing-impaired comprise the largest single

group of children tested clinically for vestibular responsiveness, they
do not receive vestibular function tests routinely.
testing of children in general is rare.

In fact, vestibular

There are a number of

compelling reasons why testing vestibular function should be routine
for hearing-impaired children, however.

First, whatever the cause,

developmental or noxious, that adversely affected the auditory labyrinth,
or cochlea, it may have had a similar effect on the nonauditory laby
rinth (Eviatar & Eviatar, 1978).

The peripheral vestibular end organs,

consisting of the semi-circular canals and otolithic organs, compose the
nonauditory labyrinth (see Appendix A for a description of the vestibu
lar organs).

The auditory and vestibular systems have been considered

as separate fields of study despite the anatomical and physiological
unity of the peripheral ear (Black, 1977a).

Ontogenetically, both

labyrinths develop from the same placode (Jongkees, 1975).

Anatomically,

they are continuous, both housed within the bony labyrinth and both
filled with endolymph and perilymph.
as well (Geldard, 1972).

Physiologically, they are similar

In both, neural impulses are initiated by

action upon hair cells, and these impulses are carried to the brainstem
via the eighth cranial nerve.
A second reason for investigating vestibular responsiveness in
hearing-impaired children is the frequent observation that these
1

2

children are clumsy and slow in attaining motor milestones.

Because of

the importance of the vestibular system in coordinating motor activity,
both Rapin (1974) and the Eviatars (1978) have stressed that the status
of the vestibular organs are automatically in question when a congeni
tally deaf child is slow in motor development.

As early as 1882 James

noted that abnormal gait and postural instability were commonplace among
institutionalized deaf children, especially under conditions of reduced
visibility.

Morsh (1936) also noted the wide-based gait and fear of

diving prevalent in residential deaf schools.

Clumsiness in hearing-

impaired children is still a frequent clinical observation (Rahko, &
Aantaa, 1977).

Unfortunately, these equilibrium problems are often

incorrectly attributed to assumed concomitant problems such as mental
retardation, brain damage, or specific motor problems.

Rapin (1974)

cited four cases of congenitally deaf children in which mental retarda
tion or brain damage would have been misdiagnosed had it not been for
positive vestibular testing results.

When the hearing-impaired child

is not diagnosed as having one of these other conditions, his clumsiness
is considered as a by-product of pervasive sensory deprivation and the
differing life experiences of the handicapped; a recent study by Geddes
(1978) is an example of this line of reasoning.

The vestibular system

is seldom implicated as causal or even contributory, despite its inte
grative and modulating role in muscular tone and postural adjustment.
A third reason for studying vestibular responsiveness in the
hearing-impaired is that knowledge of the status of the vestibular
organs would be helpful in delineating genetic deafness syndromes
(Konigsmark, 1971; Kwee, 1976).

This would be of great interest to

3

genetic counselors.

Depressed or absent vestibular function is known

to occur in a significant number of children deafened by meningitis,
kernicterus, prenatal rubella, Usher's syndrome, Waardenburg1s syndrome,
and severe congenital hearing loss associated with retinitis pigmentosa
(Arnvig, 1955; Konigsmark, 1971; Frost & Miller, 1971; Rapin, 1974).

In

fact, the purpose of all the published studies of vestibular function of
hearing-impaired children to date has been to discern the usefulness of
vestibular testing as a tool in differential diagnosis of auditory
disorders.
A fourth reason for monitoring vestibular responsiveness in
hearing-impaired children is the possibility that auditory prostheses
may actually interfere with normal vestibular functioning.

In one-third

of the hearing-impaired children they tested, Rahko & Aantaa (1977)
elicited abnormal nystagmic responses with a pure tone at 1500 Hz
played at sound pressure levels commonly prescribed for hearing aids.
Black (1977a & b) found decreased postural stability and abnormal
responses to caloric testing in hearing-impaired adults with implanted
cochlear prostheses.
Another reason for exploring the vestibular sensitivity of
hearing-impaired children is that the vestibular organs are believed by
a few to play a significant role in emotional and cognitive development
(Schilder, 1933; Peto, 1970; Ornitz, 1970; Hubbard, 1971; Erway, 1975).
Specifically, normal body concept, spatial relations, and emotional
equilibrium are believed to be a function of normal vestibular organs
and normal motion experiences (Hubbard, 1971).

McHugh (1962) has

noticed in her medical practice that children with both auditory and

4

vestibular disorders have distorted concepts of their body size and
shape as veil as distorted notions of spatial relationships.

The

possibility that some of the psychological problems common to hearingimpaired children are due to vestibular causes should be examined.
Finally, confirmation of vestibular loss or dysfunction in
hearing-impaired children should have a significant impact on their
educational and habilitation programs and ultimately on their vocational
plans.

Vestibular stimulation therapy may be indicated.

This type of

therapy has resulted not only in reported improvement in gross and fine
motor skills and of academic skills but also in improvement in social
and emotional behavior in normal and handicapped children (Ayres &
Heskett, 1972; Bhatara, Clark, & Arnold, 1978).

Why vestibular testing is not routine for hearing-impaired
children.

Vestibular evaluation is still not a standard part of either

the medical, psychological, or educational assessment of the hearingimpaired child
this are:

despite good grounds for it.

Some of the reasons for

traditionally vestibular examination is indicated only when

the patient complains of vertigo, nausea, dizziness, or unsteadiness.
These are adult symptoms of vestibular pathology, however.

The most

common pediatric symptom is loss of postural control (Eviatar & Eviatar,
1978).

Children under ten years old seldom complain of nausea or

dizziness secondary to vestibular dysfunction.

Also, parents and

professionals alike expect a certain amount of clumsiness in children
based on their immaturity alone.

Clumsiness is taken for granted or

even expected in the handicapped child.
Secondly, and more importantly, even when it is indicated, there

5

is no standard, widely accepted clinical method for testing vestibular
function in pediatric patients (Rapin, 1974).
semi“circular canal

The standard test for

function in adults, the bithermal caloric test with

electronystagmography (Kosoy, 1977), involves irrigating the ears with
warm (44° C) and again with cool (30° C) water and simultaneously
recording eye movements while the patient solves mental arithmetic.
There are unpleasant visceral
regardless of age.

side effects and usually patient anxiety

The test takes about an hour to administer.

Com

plete patient cooperation under very trying circumstances is essential.
The chances for successful caloric testing in children, especially
younger ones, are slim.
fied.

When it is attempted, the procedures are modi

Interpretation, therefore, is tentative at best.
Alternative tests of semi-cirular canal function, the torsion

swing (Eviatar., 1970), the Barany chair (Geldard, 1972), and cupulometry
(van Egmond, 1948), involve the delivery of an acceleratory stimulus via
rotation.

Successful testing of children is more likely with these

procedures, but because both labyrinths are stimulated simultaneously
by these methods, localizing unilateral pathology is difficult or
impossible.

Since they are time and space consuming, expensive, and

thought to yield relatively little useful information to the otolaryn
gologist, they are not generally found outside of research settings (see
Appendix A for a description of all of these tests).
Current clinical evaluation techniques assume that the caloric
responses of the horizontal semi-circular canals represent the status of
the entire nonauditory labyrinth.

This compromise is made because

testing the otolithic organs, that part of the vestibular system
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sensitive to linear accelerations and gravity, is even more technically
demanding than testing the semi-circular canals.

The only clinical

test for otolithic function is the parallel swing; testing for the
oculogravic illusion and for ocular counterrolling are still in the
experimental stages (Kosoy, 1977) and rarely performed outside of space
laboratories.

Two major disadvantages keep the parallel swing test

from being widely used in clinical practice:

it stimulates both sets of

otolithic organs simultaneously, and it requires a very large amount of
space.
Vestibular testing is difficult enough in adults, but there is
an additional complication in children;

immaturity in vestibular func

tion must be distinguished from vestibular pathology (Eviatar & Eviatar,
1978).

Recently the Eviatars (1978) have proposed a comprehensive

pediatric neurovestibular examination schedule based on age and level
of central nervous system (CNS) maturation.

It includes a general

neurological examination, audiometry, optokinetic testing, both caloric
testing and torsion swing testing with electronystagmography (ENG), as
well as assessment of the vestibular system's role in maintenance of
muscular tone and postural control through the vestibulo-spinal tract
and the central connections with the reticular formation, basal ganglia,
and posterior superior temporal gyrus.

They suggested testing of

righting reflexes for an estimate of otolithic sensitivity.
In 1974 Rapin lamented that she could not find any published
systematic study of otolithic function in children.

Jongkees (1974)

referred to exceptionally high thresholds of perception of linear
acceleration on the parallel swing in deaf children with dead labyrinths
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but the source he cited (Walsh, 1966) made no mention of deaf children
as subjects.

Jongkees did state that he corroborated these high

thresholds for deaf children in a study of his own.

(My letter of

inquiry regarding this inconsistency has not been answered by Dr.
Jongkees.)

Other than this rather confusing comment by Jongkees (1974),

I, like Rapin, also have failed to find any published data on otolithic
function in children.
It is not surprising that research efforts into either normal or
pathological vestibular function in children is as scarce as clinical
evaluation efforts.

Both are victims of the extremely technical nature

of all available testing procedures and the prohibitive costs involved.

Research on Vestibular Responsiveness in Hearing-Impaired Children
Caloric testing studies with hearing-impaired children.

A few

investigators, mostly Scandinavian, have braved the difficulties involved
in vestibular testing in hearing-impaired children.

Of the published

investigations into vestibular responsiveness in these children, the
majority have used a modified— usually shortened— caloric test to
increase the probability of cooperation.

The problems of cooperation

have even been addressed by some (Arnvig, 1955; Everberg, 1960).

On the

basis of duration of nystagmus judged by looking at the child's eyes
through lenses which prevent ocular fixation by the wearer (Frenzel's or
Bartel's), responses in these studies are usually divided into three
categories— normal, depressed, or absent.

The purpose of these studies

has generally been to discover if knowledge of the status of the vesti
bular organs could aid in differential diagnosis of auditory disorders.
The general conclusion has been that it was not helpful.
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Goldstein, Landau, and Kleffner (1958) tested 114 institutional
ized deaf children using the ice-cold caloric test (water less than 30°
C) with duration of nystagmus as the dependent measure.

None of the

children with postinfectious onset of deafness exhibited nystagmus.

Of

the other children 43% had either nystagmus of reduced duration or none
at all, while 57% gave normal nystagmic responses.
Rosenblut, Goldstein, and Landau (1960) tested 107 deaf children
(ages 3 to 13) from a U.S. deaf institution and 16 normal-hearing
children of similar age using a modified bithermal caloric test and
measuring duration, amplitude and frequency of nystagmus by inspecting
the children's eyes through Frenzel's glasses.

All of the control chil

dren exhibited normal nystagmic responses and, not surprisingly, were
dizzy and often nauseous.

Absent or depressed vestibular responses were

characteristic of 48.6% of their hearing-impaired children, however.
Complete absence of nystagmus was most often found associated with postinfectious or genetic etiologies.

There was also a significant rela

tionship between extent of hearing loss and severity of vestibular
loss— as one increased so did the other.
perfect, though.

This relationship was not

There were cases (43%) in which hearing loss was

severe but vestibular function was intact as well as cases (16%) in
which hearing loss was less severe, but vestibular function was abolished.
They concluded that vestibular tests had negligible value for differen
tial diagnosis in auditory disorders in children.
Sandberg and Terkildsen (1965) tested vestibular sensitivity in
57 children from a Danish school for the severely hard of hearing using
a bithermal caloric test with the stooping maneuver to insure against
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pseudocaloric reactions (£alse negative responses).

With duration of

nystagmus as the dependent measure, they, like Rosenblut
found that

regardless of etiology

et al., (1960)

absent or impaired vestibular func

tion increased as hearing loss increased:

80% of their children with

90 db. (all db. units mentioned re ZO^JJ/m ) or less hearing loss gave
normal reactions to caloric irrigation, 50% of their children with
losses between 91 and 97 db. gave normal responses, and only 19% of
their children with losses of 98 db. or greater had normal nystagmic
responses.

Children with postnatal onset of hearing loss, due most

often to postinfectious causes, exhibited greatest vestibular impairment;
all had either marked reduction in duration of nystagmus or no reaction
at all.
Swisher and Gannon (1968) tested 25 severely hearing-impaired
children (7 to 15 years old) from a Canadian deaf school using an icecold caloric procedure with ENG.

Their dependent measure was absence

or presence of nystagmus; they did not grade the nystagmus when it was
present.
movements.

Irrigation of 10% of the ears resulted in no nystagmic eye
Irrigation did elicit nystagmus in the other 90%.

When their

subjects were grouped according to severity of hearing loss as Sandberg
and Terkildsen's (1965) were: 90 db. or less, 91-97 db., 98 db. or
greater, they found that nystagmus was elicited in all the children with
average losses from 76 to 97 db. and in 86% of those with losses equal
to or greater than 98 db.

The lower incidences of absent nystagmic

responses in this study were attributed by the authors to greater sensi
tivity to eye movements with ENG recording as compared to direct
observation, different criteria for nystagmus, and possible differences
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in samples.

Although they had the benefit of ENG, their dependent

measure--absence or presence of nystagmus— is cruder than that of pre
viously mentioned investigators.

With this measure, they could not

separate depressed from normal nystagmus duration.

Swisher and Gannon

(1968) concluded that vestibular responsiveness gives some information
about auditory sensitivity but not enough to merit its inclusion in an
auditory assessment.
Diepeveen and James (1968) tested 55 totally deaf children (6 to
15 years old) from a state school for the deaf in Denmark using the
bithermal caloric procedure plus icercold caloric testing with the
stooping maneuver.
glasses.

Duration of nystagmus was noted through Bartel's

Only 15 % of the children had nystagmus of normal duration.

This is comparable to the 19% with normal nystagmus duration found by
Sandberg and Terkildsen (1965) for children with 98 db. or greater
hearing loss.

Diepeveen and James, again like Sandberg and Terkildsen,

found that amount of vestibular pathology varied with etiology of
auditory disorder:

65% abnormal caloric responses for prenatal causes,

75% for perinatal causes, 90% for hereditary causes, and 50% for unknown
etiologies.

Nystagmus was either brief or absent for all children with

postnatal causes of deafness.

These relatively high incidences of

depressed or absent vestibular function could have been expected since
all these children were profoundly deaf.

It has already been noted that

the chances of vestibular impairment occurring increase as the severity
of the hearing impairment increases.

Caloric testing studies with rube11a-deafened children.

The only

studies I found which investigated vestibular responsiveness in children

11

with hearing losses due to a specific etiology were of children deafened
by prenatal rubella.

Although congenital auditory disorder is a well

known sequela to intrauterine rubella, the possibility of vestibular
disorder as well has been explored less frequently.

Carruthers (1945)

described 17 cases of congenital deafness resulting from a rubella-like
maternal infection prevalent in Australia in the 1940's.

Caloric

testing available to him on nine of these children suggested reduced
nystagmus times and total absence of vegetative upset from caloric stimu
lation.

Exact testing procedures were not described, however.
Davey (1954) gave 13 rube11a-deafened children at an Australian

deaf school cool and ice-cold caloric tests and the Heath Rail Test.
Four of these children gave no response to either cool or ice-cold stimu
lation, three gave good nystagmic responses, and six gave depressed or
otherwise abnormal responses.

Five children gave good performances on

the rails, eight gave moderate to poor performances.

There was no

discernible relationship between caloric response and rail walking
performance, however.

Ascertaining the cause of poor rail walking was

complicated because eight of these children also had visual or motor
problems.

Despite multiple handicaps, however, all of these children

had been swimming and diving without incident since the age of five.
Barr and Lundstrom (1961) tested about 90 Swedish children with
definite sensori-neural hearing losses due to maternal rubella using
caloric and/or rotatory tests and found no definitely abnormal responses.
However, they described rube11a-deafened children as slow to sit up and
to walk.

In 1971, Frost and Hiller performed modified ice-cold caloric

testing on 99 American children between 9 months and 5 years old whose
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mothers had had rubella during pregnancy.
to severe In these children.

Hearing loss varied from none

Based on duration of nystagmus, 59% gave

normal responses bilaterally, but 41% had Impaired vestibular responses.
The children with Impaired vestibular response did not display any
noticeable equilibrium difficulties in daily life, however.

Studies using both caloric and rotatory testing in hearing-impaired
children.

Two Danish investigators have supplemented caloric testing of

hearing-impaired children with rotatory testing.

Arnvig (1955) tested

486 students in three different Danish schools for the deaf.

He

administered (a) a modified ice-cold caloric test with the stooping
maneuver and (b) the standard B^rany test, consisting of 10 rotations in
20 sec in a hand-turned swivel chair.

Although Arnvig did not state what

his dependent measure was, it was probably duration of nystagmus for
both tests.

He divided responses into normal, abnormal, or absent and

gave his results in terms of etiology.

In 128 children with inherited

hearing loss, 34% had abnormal or absent responses; 66% had normal
responses.

In 61 children whose deafness had either pre- or perinatal

origin, only 18% had abnormal or absent vestibular responses while 82%
had normal responses.

However, in 89 children whose deafness was of

postnatal origin (including meningitis, encephalitis, measles, mumps,
whooping cough, otitis media, and cranial injury), the reverse was true.
That is, 82% had abnormal or absent responses while only 18% had normal
responses.

Of the 208 children in which etiology of deafness was

unknown 34% had abnormal or absent responses to both tests, and 66% had
normal responses.

Because the distribution of vestibular impairment in

this group with unknown etiology is identical to that of his hereditary
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group, Arnvig conjectured that deafness In this last group was secondary
to recessive genetic disorder.
These, like previously discussed data, suggest that vestibular
function is most likely to be affected in those with severe hearing
losses acquired after birth.

Arnvig extended this by hypothesizing

that the older the person is when the insult occurs, the greater the
risk for vestibular damage.

In only 6% of the children that Arnvig

tested did the results of the two tests disagree; disagreement was
evenly distributed across all etiologies.
Everberg (1960), the other Danish researcher to use two vestibu
lar function tests, studied 122 school children (7 to 21 years old) who
were completely deaf in one ear with normal hearing in the other ear.
He used (a) a modified ice-cold caloric test,

(b) a bithermal caloric

test, both with the stooping manuever, and (c) the standard Barany test
with a hand-turned chair.

The dependent measure for all three tests was

duration of nystagmus determined by inspecting the children's eyes
through Frenzel's or Bartel's glasses.

Although the criteria for

separating normal and abnormal responses were not given, he claimed that
72% of these children had normal nystagmic responses to stimulation on
their deaf side, while 28% had no nystagmic response to stimulation on
their deaf side.

Those children with unilaterally impaired vestibular

function showed:

(a) spontaneous nystagmus, (b) reduced sensitivity to

rotation with significant difference in sensitivity to clockwise and
counterclockwise directions, and (c) greater sensitivity to the warm
than cool caloric stimulation.

Mean duration of

postrotatory nystagmus

for these children was 13.00 sec compared to 22.52 sec for the children
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with normal vestibular responses.

Everberg made no mention of etiology

or any disagreement between caloric and rotatory test results.
Rubin and Rozyckl (1971) examined the medical records at Albert
Einstein College of Medicine for 69 children with hereditary deafness.
They compared the results of caloric testing and/or torsion swing
testing with ENG on 13 of these children with the results of cool
caloric testing results without the benefit of ENG on 32 of these chil
dren.
31%.

The rate of abnormality in the former was 8%, in the latter was
The authors concluded that vestibular testing is more accurate

when ENG is used.

Although they did not give enough information for the

reader to correctly assess their conclusion, they are correct that
without ENG more false positives are obtained.

More recent studies into

normal and pathological vestibular function indicate that ENG techniques
are superior to direct observation of the eyes (McCabe, 1976).

ENG

techniques permit other nystagmus parameters besides duration to be
studied.

Of all nystagmus parameters, speed of the slow phase component

is now considered the most sensitive index of peripheral vestibular
responsivity (Hendriksson, 1955; McCabe, 1976).
Like Rubin and Rozycki (1971), Rapin (1974) studied the medical
records of children seen at Albert Einstein College of Medicine.

She

examined the records of 329 children with congenital otological or CNS
pathology for abnormal bithermal caloric and/or torsion swing test
results.

Seventeen of these 329 had had two or more vestibular tests.

In 13 of the 17 there was agreement between tests.

In all four dis

cordant cases the initial test failed to elicit nystagmus, but subse
quent tests all revealed presence of nystagmus.

Rapin speculated that
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discordance could have been due to lack of cooperation, faulty test
administration, or improved responsivity of the labyrinth with increas
ing age and experience.

Failure of the four children to maintain a

sufficient level of mental alertness, a prerequisite for occurrence of
nystagmus during the first test, is another probable cause for the initial
failure.
Aust, Claussen, and von Luhman (1974) gave 172 hearing-impaired
German children (52% with unilateral hearing losses), aged 12 years and
under, warm caloric testing with ENG and/or torsion swing testing with
ENG.

They claimed good agreement between the two tests:

with caloric

testing, 63% had normal responses and 37% had abnormal responses; with
torsion swing testing, 69% had normal responses and 31% had abnormal
responses.
Unlike Rapin (1974) and Arnvig (1955), Rubin and Rozycki (1971),
Aust, Claussen, and von LUhman (1974), and Everberg (1960) failed to
mention how well caloric and rotatory test data agreed when both were
available for the same child.

Arnvig (1955) claimed discordance

between caloric and rotatory testing is common in adults with syphilis
and in patients with vestibular damage secondary to streptomycin
therapy; two of the children he tested with discordant results had
histories of streptomycin use.

A rotatory testing study with hearing-impaired children.

One

study of vestibular function in hearing-impaired children, a Japanese
study, employed only rotatory stimulation.

Hosokawa (1966) tested 139

students (6 to 20 years old) of the Deaf Mute School in Hirosaki City,
Japan, using (a) the standard Barany test, (b) the B&rany test with
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Frenzel's glasses, and (c) cupulometry with angular velocities of 20°,
30°, and 60°/sec (.35, .52, and 1.05 rad/sec).

In cupulometry the

subject is rotated at a constant velocity that

is reached via sub

liminal acceleration, then stopped.

This procedure is repeated for

several different velocities all of which are much slower than the
180°/sec (3.14 rad/sec) of the standard Barany test.

Nystagmus was

absent in 40.3% of the students by Barany test, in 36% by Biir&ny test
with Frenzel's glasses, and in 37.3% by cupulometry at 60°/sec.

When

nystagmus was present, average duration was 9.9 sec by Barany test,
15.8 sec by Barany test with Frenzel's glasses, and 10.1 sec by
cupulometry at 60°/sec.

Hosokawa, unlike investigators who used

caloric tests, failed to find that amount of hearing loss varied
inversely with duration of nystagmus.

Like investigators using caloric

tests, he found that frequency of absence of nystagmus was directly
proportional to amount of hearing loss, and that, among his totally
deaf subjects, nystagmus was more likely to be present if deafness was
congenital rather than acquired after birth.
Hosokawa concluded that the Barany method with Frenzel's glasses
is the superior method of the three for assessing vestibular function in
hearing-impaired persons.

He did not give enough information on his

procedures and apparatus or on how he evaluated his results for this
conclusion to be convincing.

It is clear, however, that the Frenzel's

glasses are effective in preventing suppression of nystagmus due to
ocular fixation.

Limitations of vestibular function studies of hearing-impaired
children.

The methodological shortcomings of caloric testing in
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hearing-impaired children are numerous.

The investigators themselves

are the first to admit that their methods are crude and unstandardized
(Sandberg & Terkildsen, 1965).

Diepeveen and James (1968) expressed

difficulty in comparing studies since methods of caloric testing differ
among investigators.

Not only do the methods differ, but also the

criteria for normal and abnormal nystagmus responses differ; these
criteria are often not mentioned in the publications.

In addition, the

different brands of apparatus are not equally precise, especially in
their control of water temperature (Soileau, Note 1).

Even if methods,

apparatus, and criteria for data analysis were constant across inves
tigators, the sequence of irrigation (warm vs. cool and right vs. left)
has an important influence on the resulting nystagmus (Van der Laan &
Oosterveld, 1974).
Caloric testing is not complete unless both warm and cool stimu
lation are given.

When only cool or ice-cold stimulation is

administered, a pseudocaloric nystagmus may be elicited which leads to
a false diagnosis of intact canal function.

In about half of the

studies mentioned only cool or ice-cold stimulation was given.

As a

result, these studies probably overestimate the rate of normal vestibu
lar function in their subjects.

The effect of these overestimates of

normality may be cancelled, however, by the fact that the majority of
these investigators measured nystagmus duration by directly observing
the subjects' eyes through Frenzel's glasses rather than using ENG
techniques.

Direct observation, as compared to ENG, results in an over

estimate of abnormality of canal function.
Some of the disparity in results among investigators which were

18

blamed on methodological shortcomings are probably also a function of
the fact that they all sampled different populations.

Each group of

children studied had a different assortment of etiologies, onsets, and
levels of hearing loss.

Some children came from residential schools,

others from special education and normal classrooms.

Few investigators

mention how many of their subjects are multiply handicapped.
Another drawback of the caloric studies is the absence of a
normal-hearing control group.

Very little, if anything, is known about

caloric or rotatory responses in normal children.

None of these inves

tigators has mentioned any age or sex differences, and all have typically
compared their results to norms established on adults.

This practice

may have been unwise because there is now evidence for developmental
changes in the nystagmus parameters (Bruner & Norris, 1971; Van der
Laan &

Oosterveld, 1974).
In these studies, when a rotatory test was employed, it was

usually the Barany test.

The Barany procedure of 10 revolutions in 20

sec has been criticized because it elicits overlapping responses to
overlapping stimuli:

first, to the initial acceleration, and second, to

the final deceleration.

In these studies direct observation of the eyes

through Frenzel's glasses was used as opposed to the superior ENG
techniques.

Because of this, duration— a poor index of vestibular

responsivity in children— was the only dependent variable which could be
measured.

A significant deficiency in the rotatory studies, as in the

caloric studies, is that there are no control groups.

Therefore, conclu

sions are suspect.
Conclusions drawn from vestibular function studies with
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hearing-impaired children.

Three general conclusions may be gleaned

from these studies despite their methodological shortcomings:

(a)

Vestibular pathology is more commonly associated with some auditory
disorders (both hereditary and acquired) than others,

(b) Vestibular

damage is more frequent and more severe when auditory disorder is
secondary to postnatal causes.

These are acquired cases of deafness

usually a sequela of an infection such as meningitis,

(c)

Regardless

of etiology, as the amount of hearing loss increases, the frequency of
vestibular, impairment increases also.
In the majority of these investigations the prime concern has
been the auditory system.

In fact, the purpose of these studies has

usually been to determine if vestibular testing could be of service in
the diagnosis of auditory disorders.

The consensus is that vestibular

testing fails in this regard.
When vestibular pathology was found in these primarily caloric
testing studies, no consideration was given to the symptoms of
vestibular dysfunction or its implications for growth, development, or
emotional adjustment.

The only exceptions to this are Davey (1954),

Barr and Lundstrom (1961), and Frost and Miller (1971) who all commented
on the presence or absence of equilibrium problems in children with
possible vestibular damage secondary to intrauterine rubella.

Equilibrium studies with hearing-impaired children.

In the

following three studies interest in motor behavior in the hearingimpaired child is what prompted the research into vestibular responsive
ness.

These studies all employ rotatory testing in combination with

equilibrium testing.
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A century ago William James, M.D., (1882) observed that people in
dea£ institutions typically did not experience dizziness and that this
intriguing observation was never commented on in the medical literature
of that day.

He put 519 of these deaf people, with eyelids closed, in

a wound up swing, released it, and asked if they were dizzy when they
tried to stand and walk away.

One hundred eighty-six or about 36% were

not dizzy at all and 134 (25%) were only slightly dizzy, while all 200
of his normal-hearing controls were quite dizzy, unsteady on their feet,
and often nauseous.

Two additional characteristics of these dizziness-

immune deaf people emerged from their questionnaire responses:

they

seldom ever experienced seasickness, and they had extreme difficulty in
finding the water's surface when diving.

James concluded that destruc

tion of the semi-circular canals by disease was the cause of this
peculiar triad of symptoms.
In a 1936 monograph Morsh, who was looking for an explanation
for the wide-based gait and fear of diving common in the deaf, compared
the motor development of 139 deaf children from a residential school
with that of 163 normal children of similar age and intelligence.

His

battery included the standard Barany test and the Dunlap Balancing
Board Test.

He measured duration of nystagmus for the former and time

on the balancing board while blindfolded for the latter.

Nystagmus

duration ranged from 0 to 30 sec for the 105 deaf children tested.
fourth of these children showed no nystagmus whatsoever.
give the Barany test to the normal-hearing group.

One-

Morsh did not

Without control data

it is impossible to say anything about the extent of abnormality of the
deaf children's Barany test responses.

On the balancing board the
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performances of the hearing subjects were significantly better than
those of the deaf ones.

Fifteen deaf children could not stand alone

for any length of time without help while none of the normal-hearing
children had difficulty balancing at all.

Success on the balancing

board depended primarily on normal otolithic function.
Beritoff (1965), a Russian physiologist, divided his sample of
10 to 12 year old deaf children into two groups:

those with and those

without functional labyrinths based on their nystagmic response to the
Barany test.

While blindfolded, the children were led over several

circuitous paths marked on the floor.

After being led through each

path, he asked them to retrace their steps alone.

This procedure was

repeated except instead of being on foot, they were pushed in a wheel
chair.

A group of n o m a 1-hearing children (6 to 12 years old) were

tested similarly.

Deaf children with functioning labyrinths and normal-

hearing children were equally adept; with a minimum of trials they could
correctly retrace the paths in both conditions.

The performance of a

group of congenitally blind children of similar ages was even better.
However, deaf children without functional labyrinths could do neither
task regardless of the number of times they tried.

These data suggest

that vestibular, as well as visual and kinesthetic, information plays
a significant role in organization of spatial relations and should not
be underestimated.
Results of these three studies strongly suggest that hearing- and
vestibular-impaired people are particularly vulnerable in circumstances
where visual cues are reduced or eliminated.

Additional equilibrium

problems have been documented in several studies of motor development in
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hearing-impaired children.

Although the vestibular system has not

necessarily been attributed a causal role in some of these studies, it
probably should have been.
In a 1954 study of motor development in 104 peripherally deaf
children, Myklebust described difficulty on the Rail Walking Test
(Heath, 1942) by children deafened as a result of meningitis and related
this to absent vestibular function in these children.

He did not

mention any other vestibular testing for these children.

In 1960 he

found deaf children's performances were inferior on static balance,
locomotor coordination and speed on the Oseretsky Test of Motor Pro
ficiency (Doll, 1946).
Boyd (1967), a student of Myklebust, compared the motor
performance of 90 deaf boys (8 to 10 years old) from day and residential
schools in Canada and the U.S. with 90 normal-hearing boys of similar
age and intelligence.

The deaf boys had no known motor problems.

His

basis of comparison was four subtests from Van Der Lugt Psychomotor
Series for Children (1949), an adaptation of the Oseretsky Scale (1931),
measuring static equilibrium, locomotor coordination, psychomotor
integration, and speed.

For the latter two subtests, there were no

significant differences between the hearing and the deaf, but the deaf
had significantly poorer performances on the static equilibrium subtest
at every age and significantly poorer performances on the locomotor
coordination subtest at ages 9 and 10.

Performances of the boys whose

deafness was hereditary were more likely to resemble those of the hearing
while those deafened by pre- or perinatal
and slower rates of development.

insult had poorer performances

Boyd concluded that the implications
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o£ impaired balance should be taken into consideration during educa
tional and vocational planning for deaf children.
Geddes (1978) gave her Psychomotor Inventory to 11 deaf and hardof-hearing preschool children (4 and 5 years old).

Their performances

were normal for their ages except for four children with specific
balance deficits.

Two of these four had had meningitis.

Geddes con

cluded that poor balance was a function of etiology of hearing loss
and/or deprivation of movement experience or training.

Neither she nor

Boyd (1967) mentioned the possibility of an impaired vestibular system
contributing to the balance deficit.
Rapin (1974) is one of a very few investigators to address the
importance of evaluating vestibular function in hearing-impaired
children and to stress the probable correlation between vestibular
dysfunction and slow or abnormal motor development.

She found, from

her examination of medical records at Albert Einstein College of
Medicine, 22 children with impaired vestibular function (diagnosed on
the basis of at least one vestibular test) suitable for judging the
e*£fects of this dysfunction on the attainment of motor milestones.

All

22 had normal neurological examinations; none was mentally retarded.
Age at walking ranged from 10 to 48 months (mean=20 months; raedian=16.5
months).

Ten of the 22 children did not walk until 18 months or later.

Age at sitting alone for 15 of these children ranged from 6 to 24 months
(mean=10.6 months; median=8 months).

The children who sat late were

generally the same ones who walked late.

Normally developing children

sit unsupported by 9 months and walk alone by 15 months (Gesell and
Amatruda, 1947).

Rapin's vestibular-impaired children who did first
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walk within the normal age range were not all asymptomatic, however.
She described mothers' reports of wobbly heads, floppy limbs, and
unsteady, wide-based gaits among some of those who first walked at a
normal age.
In summary, there is still a paucity of useful information on
vestibular responsiveness in hearing-impaired children and its relation
ship to their motor development.

Knowledge of normal labyrinthine

function is essential to our understanding of pathological labyrinthine
function and its implications for growth and development.

However,

there are even fewer vestibular function studies of normal children and
only four which mention motor development in conjunction with normal
vestibular function.

Research on Vestibular Responsiveness in Normal Children
Vestibular function studies with normal infants.' Several investi
gators have sought evidence of vestibular responsiveness in normal in
fants.

McGraw (1941), who held babies from newborns to 24 months under

their armpits and spun them around, described head and eye adjustments
they made.

Silverstein (1969), using the same procedure, spun 35 babies

from 1 to 12 months old.

All babies exhibited perrotatory nystagmus.

All babies under 6 months also exhibited postrotatory nystagmus, but the
majority over 6 months did not.

Pendleton and Paine (1961) who used

electrooculography to monitor eye movements of full-term and larger
normal premature babies on a motor-driven rotating table found perrota
tory and postrotatory nystagmus similar to that of adults when the babies
were alert.
In the next two studies, both rotatory and caloric tests were

given to each infant subject.

Mitchell and Cambon (1969) gave Barany

and ice-cold caloric tests to normal babies from a day old to 4 months
old.

By 6 weeks of age the majority gave vestibular responses to both

tests.

By 8 to 16 weeks of age all had demonstrated vestibular re

sponses to both rotatory and caloric stimulation.

Eviatar, Eviatar, and

Naray (1974) measured vestibular responsiveness via a torsion swing and
ice-cold caloric stimulation in babies from 10 to 75 days old as an
index of CNS maturity.

(Maturity of the end organ does not interfere

since general adult form is attained early in the ninth fetal month
[Anson, Harper, and Winch, 1964]). By 20 to 30 days of age 84% of the
normal-sized, full-term babies exhibited nystagmus when tested on the
torsion swing, and 69% exhibited nystagmus in response to caloric
stimulation.

The authors claimed that the torsion swing is the

superior method of vestibular testing for infants.

They did not sub

stantiate their claim, however.
In summary, there is evidence that normal newborns
in response to vestibular stimulation.

show nystagmus

This is to be expected since the

vestibular end organs are mature at birth.

By 6 months of age normal

babies are beginning to show nystagmus suppression indicative of
increasing influence from central vestibular processes and further
integration with visual processes.

Of the canal tests available, the

torsion swing is definitely easiest to administer to infants.

Two studies on the impact of vestibular stimulation therapy on
infants.

Kantner, Clark, Allen, and Chase (1976) investigated the effect

of vestibular stimulation on nystagmus and motor performance in developmentally delayed infants in a study using four Down's syndrome and three
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normal babies between 6 and 24 months of age.

For two weeks they gave

two of the Down's syndrome and one of the normal babies 10 treatment
sessions of semi-circular canal stimulation by Rotating them manually in
a Barany chair while their heads were held in different positions so
that all the canal pairs would be equally stimulated.

Each spin involved

a rapid angular acceleration, a 60 sec period of constant velocity
rotation at 100°/sec (1.76 rad/sec) and an impulsive stop.

Level of

vestibular functioning and gross motor performance were assessed before
and after these vestibular treatment sessions for both treatment and
control infants.

Following the treatment sessions there was a decline

in duration of postrotatory nystagmus and a marked improvement in motor
performance for treatment group as compared to control group babies.

The

authors speculated that motor performance improved because of the
improved function of the vestibulo-ocular reflex arc and the development
of an inhibitory mechanism associated with habituation which is
generalized to other CNS functions.
To corroborate these results, Clark, Kreutzberg, and Chee (1977)
gave 13 normal infants from 3 to 13 months old the same semi-circular
canal stimulation on two days a week for four weeks for a total of 32
treatment sessions.

Gross motor ability was assessed before and after

vestibular treatment for these babies and for 13 control babies who were
subdivided into a handled group

(n=6) and a non-handled group (p =7).

The

treatment group scored significantly higher than either control group on
both measures of motor ability.
Additional research is necessary to substantiate these reported
gains in motor performance following vestibular stimulation therapy and
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to determine if these gains are permanent.

Two studies involving screening tests of vestibular function in
normal children. Ayres (1975) has published the Southern California
Postrotary Nystagmus Test as a measure of the adequacy of vestibular
function in school age children.

Inferences regarding the brain's

integrative processes can be made from test results.

The testing

procedure requires the child, with head tilted forward 30° (.52 rad)
and seated cross-legged on a small square board which turns freely
on a ball bearing base, to be rotated 10 times in 20 sec and stopped
abruptly.

Immediately following the stop, the tester observes the

child's eyes in order to estimate duration and maximum amplitude of
postrotatory nystagmus and records postrotatory behavior.

According

to Ayres, reduced nystagmus duration and amplitude indicate reduced
adaptive capacity to maintain a stable visual field and probably mean
either overinhibition of one or more vestibular nuclei or an inadequate
amount of sensation reaching the vestibular nuclei from the end organs.
Her normative sample included 111 boys and 115 girls from 5 to 9 years
old living in Los Angeles County, California.
was observed in all 226 children.

Postrotatory nystagmus

The amplitude of nystagmus, the

examiner's estimate of the distance the eyes travelled during the slow
phase of a nystagmus beat, was judged to be just over 1 mm on the
average.

Because of the difficulty in accurately estimating such small

distances, amplitude proved to be an unreliable measure.
nystagmus was a more useful measure.
all children was 19 1 6.9 sec.

Duration of

The mean duration of nystagmus for

Ayres found no significant sex or age

differences and no evidence of directional preponderance.
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Steinberg, Russell, and Rendle-Short (1976) developed a simple
method of screening for examining postrotatory nystagmus which would be
portable, inexpensive and require a minimum of time and equipment.
appears to be quite similar to that of Ayres'

(1975) test.

It

They tested

34 normal 5-year-old Australian children by spinning them, cross-legged
and head flexed 30° (.52 rad) on a small board on casters for 8
revolutions in about 8 sec for three different conditions: eyes open,
blindfolded, and wearing Frenzel's glasses.

Twenty-six of the 34 had

unpleasant

visceral side effects.

All 34 children had postrotatory

nystagmus.

Mean duration of nystagmus for what they described as their

most successful procedure, that of sitting and wearing Frenzel's
4
glasses, was 19.1 - 3.9 sec.
*

In the condition most like that of Ayres

(1975), sitting with eyes open, mean duration was 12.6 + 3.6 sec.
Amplitudes of 15 children were judged to be normal; 19 were judged to be
smaller than normal.

Criteria for "normal" amplitude were not described.

Equilibrium, proprioception, and functional vision were tested and found
normal for all 34 children.

No sex differences were mentioned.

These two screening tests suffer from several methodological
problems.

First, when manually rotating these children, it is difficult

or impossible to turn them smoothly with a constant acceleration rate to
a constant velocity before the abrupt stop.

Every time the child is

pushed, an acceleration results, so the ride is a jerky one from start
to finish.

The horizontal canals are stimulated not only by the abrupt

deceleration but also by the overlapping effect of the jerky accelera
tions following each push.

Second, following the abrupt stop, it is

difficult for children to avoid visual fixation which suppresses
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nystagmus in both normal and abnormal cases.

Third, it is difficult for

the examiner to observe and accurately estimate nystagmus parameters.
In addition, duration, one of the least useful nystagmus parameters in
children, is the only parameter which can be reliably measured in this
way.

Finally, the most serious problem is there are no data available

indicating how valid or reliable these screening measures are in pre
dicting vestibular pathology.

Because of the extraordinary technical

difficulties in measuring vestibular function in children, the need for
a valid and reliable pediatric vestibular screening test is especially
acute.

Consequently, validity and reliability research with both of

these two screening measures is definitely in order.
Although their vestibular measures are crude in comparison to
those of other investigators, Ayres (1975) and Steinberg

et al.

(1976)

alone have looked at equilibrium reactions as well as vestibular status
as measured by nystagmus parameters when testing normal children.
Kantner

et al. (1976) and Clark

et al. (1977) are the only researchers

to compare vestibular status and motor performance in normal infants.

Caloric testing studies with normal children.

Michishita (1967)

gave Japanese children from newborn to 15 years of age a bithermal
caloric test with ENG. ■ His dependent measures of nystagmus were duration,
number of beats, frequency, and maximum slow phase velocity (SPV).
Quantitative measurement was impossible for children under 3 years of
age.

By age 6 measurement was possible.

All nystagmus parameters were

nearly equal to adult norms by this age.

Maximum SPV did decrease with

increasing age, however.
Krejcova, Filipova, and Krejci (1975) tested 30 normal
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Czechoslovakian children (mean age=10) and 30 normal adults
28) using an undescribed caloric test.
latency, and number of beats.

(mean age=

Dependent measures were duration,

No significant age differences were found

for the first two measures, but number of beats was significantly
greater in children.

None of the details regarding procedures or results

of this study was offered in the published report.
Van der Laan and Oosterveld

(1974) tested 250 healthy Dutch

people from 10 to 71 years old using a bithermal caloric test with ENG.
Their dependent measures were amplitude, frequency, and maximum SPV of
nystagmus.

The caloric nystagmus of children had large amplitudes and

small frequencies, while the nystagmus of the very old had small ampli
tudes and high frequencies.

Maximum SPV gradually increased to the 31

to 40 year age group, then decreased.
what Michishita (1967) found.

These results are the reverse of

However, there is little overlap in the

ages the two studies tested.
Bruner and Norris (1971) have studied age-related changes in
nystagmus using a bithermal caloric test with ENG on a clinic population,
ages from 20 to 88.
nystagmus:

Age changes were present for all five measures of

latency, duration, frequency, amplitude, and maximum eye

speed during slow phase.

They mentioned a similar Czechoslovakian

study (Zelenka & Slaninova, 1964) in which normal children as young as 5
years old were included as subjects.

These Czechoslovakian researchers

found reduced vestibular responsivity in children 5 to 15 years old with
an adult pattern not emerging until age 18.

Bruner and Norris (1971)

have concluded, based on the results of these two studies, that the
shape of the complete age function for vestibular reactivity as measured
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by caloric tests is a complex one.

This might explain why these five

caloric studies seem to have contradictory results.

Although addi-

tional research might provide a better description of the age changes in
calorically-induced nystagmus, it is doubtful for primarily ethical

reasons

that any amount of pediatric caloric testing will be undertaken in the
U.S.

Of these five studies only the Bruner and Norris study was carried

out in the U.S.

None of their subjects were minors, however.

Two rotatory testing studies illustrating variables affecting
nystagmus parameters.

Van de Calseyde, Ampe, and Depondt

(1972)

investigated nystagmus thresholds of angular acceleration on a torsion
swing with ENG for 34 normal Belgium children from 5 to 14 years old.
For a majority of their subjects (n=25) a specific threshold could not
be determined, or it was less than ,5°/sec^ (.0087 rad/sec^).
were between .5° and 2°/sec^ (.0087 and .035 rad/sec^).
hold level was .34°/sec^ (.0059 rad/sec^).

Thresholds

The mean thres

Based on these data and

their previous data, the authors concluded that threshold levels in
creased with increasing age from a mean of ,23°/sec^ (.0026 rad/sec^) for
5 to 10 year olds to a mean of 2.1°/sec^
50 years of age.

(.037 rad/sec^) for those over

Ek, Jongkees, and Klijn (1959) reviewed studies which

used the occurrence of nystagmus to measure the threshold of the canal
system in adults and found the range to be wide also, from .l°/sec^ to
n
2
1.5 /sec
(.0017

to

.026

2
rad/sec ).

This amount of variation should

be expected since it is impossible to insure the same level of mental
alertness, a prerequisite for the occurrence of vestibular nystagmus.

In addition to mental alertness, postrotatory nystagmus is
influenced by light and visual fixation.

Ornitz, Brown, Mason and

32

Putnam (1974) studied the effects of the latter two of three postrotatory nystagmus parameters for 25 normal 3- to 7 1/2-year-old chil
dren.

They evaluated nystagmus in response to a Barany test.

The

children were rotated 180°/sec (3.14 rad/sec) for 20 sec followed by an
abrupt stop.

Their heads were bent forward 30° (.52 rad) for the six

different conditions of light and ocular fixation.

The dependent mea

sures of nystagmus were duration, number of beats, and frequency/3 sec
intervals.

Ornitz, et al., concluded that fixation and light have an

additive effect in suppressing vestibular nystagmus.

They found no

significant age or sex differences, nor any habituation across trials.

Rotatory testing studies with normal children.

In addition to

bithermal caloric testing, Michishita (1967) tested Japanese children
from newborn to 15 years of age with a motor-driven Barany chair with
ENG.

The deceleration rate was between .l°/sec^ and 10°/sec^

.17 rad/sec^).

(.0017 and

Dependent measures of nystagmus were duration, number of

beats, frequency, and maximum SPV.

Posttotatory nystagmus duration and

frequency increased up to ages 7 to 9 and dropped thereafter.

Mean

postrotatory nystagmus duration for 8 year olds was about 75 sec.
Maximum SPV decreased with increasing age.
Like Michishita (1967), Van der Laan and Oosterveld (1974) tested
their subjects using both rotatory and caloric procedures.

They gave

395 healthy Dutch people from 1 to 81 years old a torsion swing test
with ENG.

Their dependent measures were SPV, fast phase velocity (FPV),

frequency, and amplitude of nystagmus.
of their dependent measures.

Age changes were present for all

Frequency, SPV, and FPV of nystagmus

increased with increasing age until 80 years of age, while nystagmus
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amplitude decreased with increasing age.

Neither Michishita nor Van der

Laan and Oosterveld mentioned how well their caloric and rotatory test
results agreed when both were available for the same subject.
One of the most comprehensive studies of vestibular responsive
ness to angular acceleration during childhood is a Swedish study
including 84 children from newborn to 15 years old.

Tibbling (1969)

used a motor-driven chair which she accelerated at the rate of 120°
(or 2.09 rad)/sec/1.8 sec followed by constant velocity for 60 sec.
Children had their heads bent forward 30° (.52 rad) and their eyes open
in the dark.

Their eye movements in response to perrotatory accelera

tion were recorded by ENG.

Her dependent measures of nystagmus were: SPV,

FPV, and amplitude at 2, 4, 10, 18, and 30 sec after acceleration had
begun, frequency of nystagmus in the first and second 10 sec of accelera
tion and duration of nystagmus.

Although she asked the children for

reports of perception of rotation, she did not report these results.
did report:

She

(a) SPV, FPV, and amplitude of perrotatory nystagmus all de

creased significantly with increasing age.

(b) After the first year of

life, nystagmus duration increased with increasing age but not signifi
cantly.

(c) Frequency of perrotatory nystagmus increased significantly

with increasing age, however. Based on these results and those of her ear
lier studies on the effect of nicotine on adult nystagmus, Tibbling con
cluded:

(a) SPV is the best parameter of nystagmus because it more

accurately reflects peripheral vestibular activity.

(This agrees with con

clusions of Hendriksson (1955) who studied nystagmic eye speed during dif
ferent acceleration rates in normal adults.) (b) FPV, on the other hand,
reflects central vestibular activity,

(c) Like FPV, amplitude is a
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centrally evoked nystagmus parameter.
gests low central reactivity.

High amplitude In children sug

The developmental trend is for increas

ingly more central reactivity relative to peripheral reactivity.

In

children under 10 years old, amplitude does not correlate with peripheral
vestibular activity,

(d) Nystagmus duration is an insensitive measure

of peripheral vestibular activity in childhood.
and high SPV often occur together,
index of vestibular sensitivity.

(e)

In fact, short duration

Frequency cannot be used as an

Because it varies with both amplitude

and SPV, frequency (nystagmus intensity) does not necessarily reflect
intensity of the vestibular stimulus.
The most recent and most extensive investigation of the matura
tion of vestibular nystagmus in infants and children to date has been
done by Ornitz, Atwell, Walter, Hartmann, and Kaplan (1979).

Nystagmus

recordings from 46 normal children from 1 month to 11 years old were
obtained.

They, like Tibbling (1969), used a motor-driven rotating

chair in a darkened room to deliver an angular acceleration to the
horizontal semi-circular canals and via ENG measured perrotatory nystag
mus parameters, both during periods of acceleration and of constant
angular velocity.

The angular acceleration rate was 10°/sec^

(.17 rad/

O

sec ) for 18 sec followed by 200 sec of a constant angular velocity of
180 /sec (3.14 rad).

Their 218 sec polygraph record for each trial

contained three different phases representing the complete time course
of nystagmus— peracceleration primary nystagmus, postacceleration
primary nystagmus, and secondary nystagmus.
pediatric study of secondary nystagmus.

This is the first published

Dependent measures of each of

the three phases of nystagmus were total amplitude, total duration,
average and maximum SPV and FPV, total number of beats, frequency/sec,
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mean displacement/beat for both slow and fast phase components, several
latency measures, and amount of time spent in nystagmic vs. nonnystagmic eye movement.

Ornitz, et al., found significant changes in

all nystagmus parameters with the greatest changes occurring prior to
30 months of age.

As in the Tibbling (1969) study, there was a general

tendency for all nystagmus parameters to decrease with age.

The

nystagmus of young infants under 14 months of age had larger amplitudes
and higher velocities than that of children over 2 years of age.

All

nystagmus parameters peaked and terminated earlier for infants than for
plder children.

Secondary nystagmus was much slower than primary

nystagmus at every age, but the ratio of secondary SPV to primary SPV
was significantly greater in early infancy.
Ornitz

et al. interpreted their results in terms of vestibular

responsiveness and vestibular adaptation.

Vestibular responsiveness is

defined as the primary response of the vestibular system to stimulation,
characterized by the simple, second order torsion pendulum model of van
Egrnond, Groen, & Jongkees (1949).

It is best measured by the SPV of

primary nystagmus in response to brief accelerations.

Vestibular

adaptation, on the other hand, is defined as the modulation of vesti
bular responsiveness.

To account for it the torsion pendulum model must

be amended (Young & Oman, 1969; Malcolm & Melvill-Jones, 1970).

The

best measure of this aspect of the vestibular response is the SPV of
secondary nystagmus.
Ornitz

et al.

hypothesized that with regard to the peripheral

vestibular organs there are two separate maturational sequences associa
ted with vestibular responsiveness and vestibular adaptation.

The first,
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which involves the maturation of vestibular responsiveness, is the
linear decrease in mean velocity and amplitude of primary nystagmus
with increasing age.

The second sequence, maturation of vestibular

adaptation, involves increases in temporal parameters of nystagmus and
decreases in SPV of secondary nystagmus.

In this latter sequence, the

maturation rate is much more rapid in the first 30 months of life,
while the former sequence proceeds at about the same rate at least to
about age seven.
Malcolm and Melvill-Jones (1970) and Malcolm (1973) have pub
lished a mathematical model of the adaptive process of the vestibuloocular system.

It is a modification of the torsion pendulum model and

assumes that impulses from the

semi-circular canals are received by the

CNS with respect to a shifting reference level.

There are three

essential parameters which define vestibular performance to known
inputs:

Tc , time constant of cupular return (time required for cupula

to return to resting position); Ta , adaptation time constant (time
required for the CNS to react to cupular deflection); m, gain of the
vestibulo-ocular system (a measure of the effectiveness of compensatory
eye movements).

Ta reflects the ability of the CNS to process or to

integrate the end organ signal.
Using Malcolm's (1973) technique for analyzing nystagmus,
Bhatara, Clark, and Arnold (1978) evaluated horizontal semi-circular
canal function and CNS adaptation function of a
old) and three normal girls (5 to 9 years old).

hyperkinetic boy (5 years
Their procedure con

sisted of gradually accelerating the blindfolded child to 100°/sec
(1.76 rad/sec), maintaining this velocity for 60 sec, then abruptly
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stopping the rotating chair.

The postrotatory nystagmus which was

elicited was analyzed for primary and secondary SPV.
derived from this.

Tc and Ta were

Values for Tc for all four children were comparable

to the adult Tc values found by Malcolm (1973).

This is to be expected

since the canal system is functionally and anatomically mature at birth.
Ta values for the three normal girls were twice those of the normal
adults, and the Ta value for the hyperkinetic boy was the highest of all.
For Bhatara

et al. (1978) differences in Ta values reflect the relative

immaturity of the nervous system.
those of Ornitz

These results are in concert with

et al. (1979) regarding the decline in vestibular

adaptation with increasing age and maturity in normally developing
children.

Limitations of vestibular function testing with normal children.
Although, as a group, the studies of normal children are more recent and,
therefore, have the advantage of technological advances, they share many
of the limitations of those previously mentioned for studies of hearingimpaired children.

Also, in all pediatric studies, normal and hearing-

impaired, judgments regarding vestibular status have been based on a
test of canal function only, with the assumption that otolithic function
was either equivalent or negligible.

The appeal of this possibly

specious assumption may be due less to an academic argument than to the
technical difficulties inherent in otolithic function testing.

The

formidable technical problems may explain why not one study of otolithic
function in normal children was found.

In the absence of a standard

pediatric otolithic function test, it is surprising that motor skill is
not examined in conjunction with a test of canal function.

Although this
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may be done in clinical practice, it was mentioned in only two of the
studies with hearing-impaired children and in only four studies of
normal-hearing children.
In summary, research into the vestibular function of children is
still in its infancy.

There is more theory than there are supporting

data and a paucity of theory at that.
only now being developed.
unvalidated.

The tools and techniques are

What exists is incomplete and largely

Testing equipment and procedures are complex, and expen

sive, in addition to being time and space consuming.

Good pediatric

normative data for the various canal tests, caloric and rotatory, are
just beginning to be collected.
data are nonexistent.

Adequate test reliability and validity

The extent of normal individual variation is

unknown, as are the effects of sex and age.
on normal

otolithic function in children.

There are no data available
In order to get a valid

response to either a canal or an otolithic test, even with the most
sophisticated testing equipment available, the subject must remain suf
ficiently alert and cooperative throughout the entire testing session
which often approaches an hour in length.

This prerequisite becomes

harder to insure as the age of the subject decreases.

In short,

current pediatric vestibular research is woefully inadequate.

Conclusions drawn from vestibular function studies with normal
children.

The growth of our knowledge of pathological vestibular systems

and what to do about them is stunted until more knowledge accrues r e 
garding maturation of normal vestibular systems.

Investigation into semi

circular canal function during infancy and childhood is finally begin
ning to be subject to thorough and systematic study.

More useful
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parameters of vestibular status, notably SPV of nystagmus, are being
measured as a result of advances in nystagmography.

With the aid of

ENG, age changes in all nystagmus parameters- are being described.

More

sophisticated analysis techniques show promise in separating peripheral
and central aspects of vestibular function.

Vestibular stimulation

therapy may prove useful in enhancing motor development and skill.

Two

canal tests show potential as pediatric screening measures.
There is no agreement regarding the test of choice for pediatric
vestibular testing although the need for one is beginning to be
recognized.

The use of a torsion swing is highly recommended primarily

because, compared to others, the procedure is the fastest to administer
and makes the least demands upon the patient.

However, very little has

been published about children's vestibular responses to torsion swing
testing.

The bithermal caloric test, the standard adult test, is not

attempted with children in the U.S. because chances of full cooperation
are so slim that it is not economically feasible.

Pediatric caloric

testing studies from other countries all show age changes but their
results are suspect because contradictions abound.

The studies which

have been most illuminating regarding maturation and character of normal
semi-circular canal function have employed Barany and modified Barany
procedures.

The success of these studies may have been partly due to

the researchers' choice of test or may have been in spite of their
choice!

This last statement is indicative of the state of the science

of pediatric vestibular evaluation.
Very little, if anything, is known about otolithic responsiveness
in infants and children.

As stated previously, there is no standard

adult or pediatric test for otolithic function.
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Purpose of this Study
The purpose of this study was to evaluate, as thoroughly as pos
sible, the integrity of the peripheral vestibular end organs, both the
semi-circular canals and the otoliths, for normal- and for impairedhearing children.
I accomplished this by measuring two different vestibular
reflexes:

vestibulo-ocular and vestibulo-autonomic.

Vestibulo-ocular

reflexes were obtained in response to angular deceleration produced
by a rotating chair and to linear deceleration produced by a parallel
swing.

The children's reported visceral sensations to both of these

procedures were an index of vestibular-autonomic reflexes.
A group of normal-hearing children of similar age and sex was
also evaluated.

A control group is a relatively rare phenomenon in

studies of vestibular function in hearing-impaired populations.
I expected to find differences between the hearing-impaired and
the normal-hearing children in eye movements and in reported sensations
in response to the two tests.

These differences were expected to be

due to the fact that there were actually two subgroups of hearingimpaired children:

one subgroup having normal vestibular function and

another subgroup having normal vestibular function.

The first sub

group was expected to have performances on the chair and the swing
similar to the performances of the normal-hearing children.

The second

subgroup was expected to exhibit diminished or absent eye movements
compared to the children with normal vestibular function and to deny
visceral sensations, as well as sensations of motion in response to the
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two tests.

Differences in vestibular status for these two subgroups

were expected to be related to etiology and severity of the auditory
disorder.

METHOD

Subjects
Forty-three hearing-impaired children (21 males, 22 females)
between 2 and 15 years of age served as subjects.
had sensori-neural hearing losses.

These children all

The officers of the East Baton

Rouge Parish Citizens Organized for Education of the Deaf organiza
tion helped me locate and contact these children and their parents.
Control subjects were 100 normal-hearing children (49 males, 51
females) between 2 and 16 years of age.

The majority of these children

were friends, neighbors, and relatives of mine and of my associates.
The remainder were friends, neighbors, and siblings of the hearingimpaired subjects.

At the time of testing all children were free of

upper respiratory tract infections and of ear infections.

None of

the children had received any medications for two days prior to testing.
Since hearing aids alone may provide sufficient stimulation to the
vestibular organs to induce nystagmus (Rahko and Aanka, 1977),
prostheses were worn during

no

actual testing.

Testing Room and Apparatus
The testing room was
Louisiana State University,

Room 652 of Life Sciences
Baton Rouge, campus.

Building on the

The 7.16 m by 2.87 m

room has overhead fluorescent lighting controlled by a rheostat.
Although the room was not specifically designed to be soundproof, very
little outside noise was detectable.
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The apparatus in the room
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consisted of a Maico audiometer, a rotating chair, a parallel swing,
telemetering equipment for recording eye movements, calibration lights,
and a polygraph.

Colorful posters and mobiles in the room and decals

on the apparatus established an outer-space theme to

make the room

more inviting to the children.
In order to provide angular acceleration to the children's semi
circular canals, a swivel-type desk chair equipped with a safety bdlt
was mounted on a 0.30 m high base and modified so it could be rotated
by means of a 1/4 hp, 115 volt, A.C. motor.
means of a hand operated mechanical brake.

The chair was stopped by
A reversing drum switch

controlled both the initiation of rotation and the direction of rota
tion.

Once the switch was tripped, the chair quickly accelerated to a

constant velocity of 150°/sec (2.62 rad/sec) for both directions of
rotation.

Speed control was maintained by properly sized pulleys and

a gear reducer.
Linear acceleration to the children's otolithic organs was
provided by a parallel swing similar to one described by Jongkees
(1964).

A metal pipe frame measuring 1.83 m square was suspended from

the walls of the testing room by four chains each 2.92 m long.

The

chains were made as long as possible, so mainly low frequency sinusoidal
horizontal accelerations would occur when the frame was swung and so
the vertical acceleration present would be negligible, below the
threshold of perception.

The chains were attached to the masonry walls

in joints with lead anchors and lag hooks
floor.

that were 2.84 m from the

The frame hung 0.46 m above the floor.

A 0.56 m by 1.83 m

stretcher made of 3/4 inch plywood and covered with red vinyl fabric was

44

fastened to the frame across its center.

On top of this plywood

stretcher lay a cloth mattress stuffed loosely with styrene foam pack
ing pellets.

The stretcher was equipped with a safety belt also.

A linear potentiometer, mounted on one corner of the swing frame,
was attached to a metal shaft which was wired to the adjacent supporting
chain.

The linear movement of the swing caused the potentiometer shaft

to rotate partially.

The potentiometer regulated the output from a

1.5 volt D-cell flashlight battery.

The changes in voltage in the

potentiometer corresponded to actual swing movement as well as the
linear acceleration of the swing.

The potentiometer was connected to

the polygraph so a recording of swing movement could be obtained.

Procedure
Before testing I said to the normal-hearing children and to the
hearing-impaired children who had enough residual hearing to under
stand me with the help of an aid:
I am studying a tiny little organ inside all of our ears which
helps us walk, sit, run and move about without losing our
balance.

Would you like to help-me by taking some tests?

These

aren't like

the tests that you take at school.

what I want

you to do for each one and after we are finished,

I'll explain why we did what we did.
them, that is okay.

If you do not want to do

If you decide after we start that you want

to quit, then that is okay, too.

It is entirely up to you.

None of these tests will hurt at all.
will be fun

I will explain

In fact, I think they

for you. No one will know what you do during

these tests except me and the people working with me.

Let me
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show you the room where we will be and, if you are interested,
I'll ask you to sign a piece of paper which says you would
like to help me by taking these tests.
(At this point I took the children into the testing room, showed
them each piece of testing equipment and described in detail exactly
what I wanted them to do for each.

I told them that these procedures

were like those they would encounter if they were training to be jet
pilots or astronauts.)

With the hearing-impaired children who com

municated via signs, if an interpreter was present, he/she signed a
I spoke.

In addition, all hearing-impaired children, regardless of

the severity of their hearing losses, either watched a 900 sec video
tape of a child and me going through the entire procedure or watched a
normal-hearing child perform the entire procedure before being asked
to be a subject himself/herself.

All questions were then answered to

each child's satisfaction using his/her preferred mode of communication.
If interested in proceeding, each child was asked to sign an assent
form (Appendix B ) .

The accompanying parent or guardian was asked to

sign a consent form (Appendix C) and was invited to remain in the
testing room throughout testing.

In cases where I provided the

transportation for the child, a parent or guardian either mailed the
consent form to me or signed it when the child was picked up.
The test procedures were:
(a)

Horizontal changes in conjugate eye movements resulting from stimu

lation of the vestibular end organs by the rotating chair and the swing
caused changes in the corneo-retinal potential.

These changes were

recorded by placing silver-silver chloride electrodes (Narco
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Bio-Systems 710-0018) on each child's temples as close to the eyes as
possible (Photograph 1, 2).
alcohol swab.

This skin area was first cleaned with an

The electrodes, covered with electrolytic paste (Redux

Creme), were held in place with a clear adhesive tape chosen for its
easy removal characteristics.

The electrodes were connected to an FM

transmitter (Narco Bio-Systems FM-1100-E2).

The transmitter obviated

the need for wires from the child to the recording equipment.

Each

child was asked to put on an adjustable white webbed belt which had a
red satin pouch sewn onto the front to hold the FM transmitter.

Each

child was given a mirror so he/she could observe the application of
the electrodes.

The changes in corneo-retinal potential were trans

mitted to an FM receiver (Narco Bio-Systems FM-1100-7).

The receiver

was adjusted so that no changes in the raw signal occurred.

This

signal from the receiver was then relayed to a curvilinear recording
polygraph (Beckman Type R-411 Dynograph with Direct Nystagmus Coupler—
Type 9859) which produced a graphic representation of the changes in
horizontal eye movements.

The raw signal was conditioned by the

coupler in the following manner:

A 3-sec time constant (0.056 Hz low

frequency filter) was used to reject low frequency signals and to keep
the recording pen in the center of the recording channel.

A 25 Hz high

frequency cut-off filter was used when measuring nystagmus elicited by
the rotating chair.

This filter attenuated a signal at 25 Hz by 30%.

A 5.5 Hz filter was used when measuring compensatory eye movements
elicited by the parallel swing.

Use of these filters resulted in some

loss of information regarding absolute eye position but yielded tracings
which are interpretable and relatively free of artifacts and noise.

Photograph 1.

Child after application of electrodes to the temple

area.

Photograph 2.

Child after application of electrodes and sleep mask.
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Paper speeds of 10 mm/sec and 5 ran/sec were used for nystagmus and com
pensatory eye movements, respectively.
Eye movements were calibrated by having each child sit in the
chair and look back and forth at two flashing red lights (lightemitting diodes) attached to either end of a board that was nailed to
one wall.

The overhead lights were dimmed for this procedure.

The dis

tance between the two lights and the distance between the lights and the
chair were adjusted so that the children's resulting eye deflections
described a 20° (.35 rad) arc.

This arc was then calibrated to equal

20 mm of pen deflection on the polygraph.

Calibration was checked both

before and during testing, when cooperation was sufficient, since the
corneo-retinal potential has been reported to drift by as much as 40%
in 600 sec (Kosoy, 1977).
(b)

Responsiveness to angular deceleration was tested by having each

child sit in the rotating chair and assume a comfortable position with
hands in lap and with head facing straight ahead (Photograph 3).

The

need for remaining motionless while in the chair was emphasized.

A

sleep mask with adjustable straps was placed over each child's closed
eyes after the safety belt was fastened.

I explained what I was doing

and why throughout all steps of all testing procedures especially while
the mask was on.

Before the mask was put on, all hearing aids were

either removed or turned off.

The room lights were dimmed to insure

that visual fixation did not occur and that the room was as dark as
possible.

These measures were necessary because both visual fixation

and light suppress vestibular nystagmus (Ornitz, Brown, Mason, &
Putnam, 1974).

I then turned the drum switch causing the chair to

Photograph 3.
background.

Child in the rotating chair with polygraph in the
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accelerate rapidly to an angular velocity of 150°/sec (2.62 rad/sec or
25 rpm).

This velocity was maintained for 60 sec in order to allow

time for the primary nystagmus resulting from the acceleration to sub
side.

During this time the normal-hearing children were asked to

report all sensations of movement.

After 60 sec the chair was stopped

abruptly by pressing the mechanical brake.

Stopping took less than

1/2 see, so the deceleration rate was about 300°/sec^ (5.24 rad/sec^).
Once stopped, after reminding each child to remain still in the chair
with the sleep mask on, I asked that all sensations of movement be
reported.

If answers to the following questions were not reported, I

asked:
Do you feel like you are still turning?
direction.

If so, point in the

Do you feel like you have stopped and started moving

in another direction?
Are you dizzy?

Queasy?

How does your head feel?
Cold?

before you started turning?

Clammy?

Stomach?-

Skin?

Do you feel like you did

If not, tell me when you feel like

before.
All reported sensations were recorded on the tracing, along with the
point at which each child felt as if he/she had stopped moving.

As soon

as each child reported feeling as he/she did before testing or after
180 sec, whichever came first, the sleep mask was removed.
For hearing-impaired children, I put a
knees immediately following the abrupt stop.

hand on one of their
Before testing they were

told to continue to remain still as long as my hand touched their knee.
Upon removal of the sleep mask after 180 sec, hearing aids were put
back in or turned on and the children were asked in their preferred mode
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of communication if they had felt as if they were still turning after
being touched on the knee and, if so, if the turning had reversed
directions.

Then they were asked if they had strange feelings in their

heads, stomachs, or limbs after stopping.
After a 300 sec pause the procedure was repeated but turning in
the opposite direction.

Half of the children were turned clockwise,

then counterclockwise; the other half were turned counterclockwise
first.
The dependent measures of nystagmus were:

mean amplitude in mm

(or degree of eyeball deflection), mean velocity of the slow phase
component (SPV) in degrees/sec and rad/sec, and frequency in beats/sec.
These three measures were calculated for the first 10 sec and for the
second 10 sec following the abrupt stop.

The SPV was calculated by

dividing the amplitude of each nystagmus beat by the duration of the
slow component of that beat and by multiplying by a conversion factor
of 10.

The conversion factor was necessary in order to get the SPV in

degrees/sec.
(c)

Responsiveness to linear acceleration was tested by having each

child lie supine on the mattress on the parallel swing (Photograph 4).
Once on the swing, the safety belt was fastened and the sleep mask put
on again.

Again, hearing aids were removed or turned off.

The swing

was displaced 0.71 m and released, allowing each child to swing freely
from side to side.

A maximum horizontal linear acceleration of 2.39

m/sec^ was attained at either extreme of the swing's excursion.

A maxi

m um horizontal velocity of 1.30 m/sec was attained when passing the
resting position.

The actual linear acceleration which stimulated the

Photograph 4.

Child on the parallel swing.

potentiometer to the left.

Note the linear

otolithic organs was the resultant acceleration between gravity and the
horizontal swing acceleration.

Each child was given arithmetic problems

commensurate with age and ability to insure mental alertness while
swinging.
aloud.

These problems were solved mentally, with answers reported

See Figure 1 for an illustration of normal sensation of body

position and eye position with respect to the velocity and acceleration
of the moving swing.

The criterion for determining the occurrence of

compensatory eye movements was met when the general form of the eye
movements was in synchrony with swing movement as recorded by the
linear potentiometer for three consecutive oscillations.

Eye movements

were recorded while each child engaged in mental arithmetic until the
criterion for compensatory eye movements was met or for 300 sec, which
ever came first.

If criterion was not met within 300 sec, the proce

dure was repeated with the child performing procedures that augment
the vestibular response:
lying on the swing.

gripping hands together or sitting rather than

After swinging, each child was asked to describe

all sensations of movement.

After testing in the swing and the chair

were completed, each child was asked which procedure, if any, he/she
preferred.
(4)

Each control child's hearing by air conduction was tested with a

Maico pure tone audiometer (MA-2B) at 11 frequencies from 125 Hz to 8000
Hz.

Any child who exhibited losses of 20 db. for more than two fre

quencies per ear was eliminated as a subject.

Any child who exhibited

a loss at any one frequency for either ear greater than 30 db. was also
eliminated as a subject.
Parents of the hearing-impaired children either supplied a copy
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Swing movement

Swing velocity

Swing acceleration

Subject's sensation

Subject's eye
movements

Figure 1.

OjO

Of o

O' O

Illustration of the place, movement, and acceleration of the

parallel swing with the subjective body position and eye position of
the child with normal otolithic function (adapted from Jongkees, 1964).
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of their child's most recent audiogram or signed a release (see Appen
dix D) allowing me access to the children's audiograms in their school
records and in the records of the Speech and Hearing Foundation and of
the Louisiana State University Speech and Hearing Clinic.

Pure tone

averages in db. for each ear were calculated by finding the mean db.
loss at 500, 1000, and 2000 H z .

These parents were also asked ques

tions regarding etiology of their child's hearing impairment and onset
age and/or age when first diagnosed.

RESULTS

Subject Cooperation
It is possible to investigate vestibular function in impairedand normal-hearing children as young as 2 years of age using a modified
Barany procedure and a parallel swing with ENG.

Despite an average

testing time of 1800 sec per child, the majority of children were
extremely cooperative.

The outer-space motif in the testing room,

capitalizing on the current popularity of space movies, made the room
less austere, and for most of the children it obscured any similarity
to medical tests.

Regardless of hearing status, the presence of a

familiar child in the testing room along with the subject facilitated
cooperation more than the presence of a parent.

The presence of another

child was much more effective for hearing-impaired children than showing
them the 900 sec videotape.
Of the 143 children with whom testing was attempted, data were
obtained from 128.
tested.

Only nine children, all under age 7, refused to be

See Table 1 for the amount of cooperation received according

to children's age and hearing status.
Of 100 control children from 2 to 16 years of age who began
testing, 90 were completely cooperative.
are complete.

For 87 of these children, data

Incomplete data were obtained for another six children.

Only five children presumably with normal hearing refused to participate
in the study.

Vestibular data for two control children were eliminated

because they failed to meet the criterion of having normal hearing.
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Table 1
Relative Success in Obtaining Complete Test Results according to
Children's Ages and Hearing Status

Hearing-Impaired Children

Age

2

Number
Refusing
to be
Tested

2

1

2

1
2

3
4

Number
With Incom
plete Data 3

Number
With Com
plete Data

Normal-Hearing Children
Number
Refusing
to be
Tested

Number
With Incom
plete Data 3

Number
With Com
plete
Data

1
1
2

1
2

5

2

1

lb

2

6

2

1

lb

7

7

2

1

6

8

2

7

9

3

10

2

10
8

11
12

3

14

8

6

13

4

lb

11

14

7

15

3

5

2

16

n

Note:

4

4

31

5

6

87

4 hearing-impaired and 2 normal-hearing children were
eliminated for reasons other than cooperation.
aIncomplete data due to inadequate cooperation from the
children.
^Incomplete data for these 3 children were due to procedural
error.
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Hearing-impaired children were equally cooperative.

Of the 43

hearing-impaired children from 2 to 15 years of age who were asked to
participate in testing, 31 were fully cooperative, with complete data
being obtained for them.

Another four hearing-impaired children, all

under age 5, gave partial cooperation so that some data were obtained
for them.

Only four hearing-impaired children, all under age 5,

refused to participate.

Data for another four children were elimi

nated because the children were multiply handicapped.
See Table 2 for the distribution by age, sex, and onset age and
etiology of hearing loss of the 31 completely cooperative hearingimpaired children.

Table 3 gives the distribution of these children

by age and severity of hearing loss.
children was 90 db.

Mean hearing loss for these 31

Eleven of these children attend Louisiana School

for the Deaf but live at home.

The remaining school-age hearing-

impaired children are in the Special Education programs of the parish
school systems.

Rotating Chair Test Results
All of the hearing-impaired and all but one of the normalhearing children who began rotation testing completed both CW and CCW
trials.

A 7-year-old control male became frightened during trial 1

and declined further testing.

With this one exception the children

were all more than willing to undertake trial 2 even when they d e 
scribed unpleasant sensations in response to the abrupt stop in trial 1 .
The calibration procedure proved more demanding than actual
testing.

Accurate calibration could not be accomplished for two normal-

hearing (a 2- and a 3-year-old) and for three hearing-impaired (2-, 3-,
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Table 2
Distribution by Time of Onset and Etiology of Hearing Loss,
Age, and Sex of the 31 Hearing-Impaired Children Who Were
Completely Cooperative during Testing

Postnatal

Congenital
Age

Undiagnosed
Recurrent
Pre
illness with
Cause
Un
otitis media
high fever and
Heredi natal
Rubella known Meningitis with allergies drug therapy
tary

1

5

6

(l)a

7

(1)

(1°)
(1°)
(1 )

1 (1)

8

2 (lc )

9

10

(1)

11

1

1 (1)

12

2 (1)

1

13

K D

1 (1)

(1)

(4)

14
15

n

(1 )

2

2

(1)
9

8

(1)
4

Numbers enclosed in parentheses represent females.
parentheses represent males.
cThese three females have unilateral hearing losses.
children have bilateral hearing losses.

6
Numbers without
Remaining
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Table 3
Distribution by Age and Severity of Hearing Loss of the 31
Hearing-Impaired Children Who were Cooperative
during Testing

Age

5

Moderate
41-55 db.

Moderately
Severe
56-70 db.

Severe
71-90 db.

lb

la

6

1 , lb
1

7

1
2

8
9

lb

1

1
2

10
1

11
12

Profound
91-120 db.

3

1

2
4
4

13
14

3

15

n

5

3

2

21

Hearing loss was calculated by averaging pure tone averages at three
frequencies (500, 1000, 2000 Hz) for each ear for children with
bilateral losses.
bThese three females all have unilateral losses.
by the pure tone average for their bad ear.

They are classified
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and 4-year-olds) children.

Their test performances were adequate but

without a calibrated record the only nystagmus variable which could be
calculated for them was frequency.
All children exhibited some nystagmus in response to both trials
of the rotating-chair test providing^evidence that adequate mental
alertness was maintained by having the children either give running
sensation reports (controls) or think about their sensations (hearingimpaired children).

There were differences between the normal- and

impaired-hearing children in quality and quantity of nystagmus,
however.

The hearing-impaired children, as a group, had consistent

diminution of response compared to the controls regardless of the
nystagmus measure used.

During examination of the results for these

two groups of children, it must be remembered that the procedure for
each group was slightly different regarding what they did while
wearing the mask and that this may have had a differential effect on
level of mental alertness and, therefore, on their nystagmus.

The

verbal interchange between the controls and me during questioning
about immediate per- and postrotation sensations could have facili
tated mental alertness more than did placing a hand on a knee of the
hearing-impaired children as a signal for them to start thinking about
and remembering their sensations for report after mask removal.
Despite differences between normal- and impaired-hearing chil
dren for all nystagmus parameters examined, no differences existed
between the two groups in reported sensations in response to
deceleration.

Despite being told to sit straight in the chair with face forward,
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most children tended to oppose the initial acceleration and the constant
angular velocity with their entire bodies by turning slightly and
facing the direction opposite that of rotation.

Upon request they

straightened up but often, unconsciously, gradually drifted back into
the original position in response to vestibulo-collic and vestibulo
spinal reflexes.
After rotating at a constant angular velocity of 150°/sec (2.62
rad/sec or 25 rpm) for 30 to 60 sec, all who were asked (68% of the con
trols) reported feeling as if they were no longer rotating.

This is the

response predicted by the torsion pendulum theory of cupular mechanics.
When the children reported feeling motionless, their tracings were free
of nystagmus.
Nystagmus occurred on two different occasions within a single
trial for a total of four possible occasions.

First, a perrotatory

primary nystagmus beating in the direction of rotation in response to
the initial acceleration and, second, a postrotatory primary nystagmus
in response to the abrupt stop (deceleration rate of approximately
300°/sec^).

In all but a few hearing-impaired children both perrotatory

and postrotatory primary nystagmus were elicited during both trials.
Often, several seconds following cessation of primary nystagmus, both
per- and postrotatory, a secondary nystagmus beating in the reverse d i 
rection began, in the absence of any physical stimulus.

See Figure 2

for four segments of a polygraph record illustrating these four types of
nystagmus during a CCW trial for a 13-year-old normal-hearing male.

Postrotatory Primary Nystagmus Measures
Although frequency of occurrence of perrotatory primary and

1 cm = 1 sec

Figure 2.

Segments of the polygraph record of a normal-hearing 13-year-old male (Subject #76) during
Trial 1 of the chair test. The above segment contains a perrotatory primary right-beating
nystagmus in response to the initial CCW acceleration. The second segment contains the
cessation of the perrotatory primary right-beating nystagmus and the beginning of
perrotatory secondary left-beating nystagmus during the last 22 sec of constant angular

w

■f) p —

Figure 2 (continued), velocity. The third segment contains the postrotatory primary left-beating
nystagmus in response to rapid deceleration. The fourth segment contains the cessation
of postrotatory primary left-beating nystagmus and the beginning of postrotatory
secondary right-beating nystagmus, 32 to 54 sec after deceleration.

O'
•P*
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secondary nystagmus and postrotatory secondary nystagmus are discussed,
only postrotatory primary (PRP) nystagmus measures were submitted to
statistical analysis.
Dependent measures o£ PRP nystagmus which were analyzed were
mean frequency in beats/sec, mean amplitude of horizontal conjugate
eyeball deflection in degrees (and in radians), and mean SPV in degrees/
sec (and in rad/sec) for the first and second 10 sec following decel
eration.

For ease of calculation, calibration allowed polygraph pen

deflections of 1 mm amplitude to equal 1° of eyeball deflection.

For

the same reason paper speed of the polygraph was adjusted so that 1 mm
on a tracing equalled 1 sec.
Individual means for each child for each of the three nystagmus
variables were calculated for both testing times:
second 10 sec following deceleration.

the first and the

This was done for both trials

for a total of four means for each of the three nystagmus measures
for each child whose eyes were properly calibrated.
Nystagmus began immediately following deceleration.

Duration of

PRP nystagmus ranged from 1 or 2 sec to approximately 60 sec.

Although

discerning where nystagmus began on a polygraph record was quite easy,
determining the endpoint of nystagmus was much less obvious and would
have required establishing an arbitrary set of criteria.

This was true

because nystagmus was rarely continuous but instead intermittent and
increasingly so with time.

On the tracings nystagmic and non-nystagmic

eye movements were interspersed.
Normal-hearing children spent about 90% of the first 10 sec and
74% of the second 10 sec following deceleration in nystagmic eye move
ments.

By contrast, the hearing-impaired children spent only 66% of
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the first 10 sec and 52% of the second 10 sec following deceleration in
nystagmic eye movements.

See Table 4 for the mean number of sec spent

in non-nystagmic eye movements for each 10 sec period of each trial for
each group of children at three age levels.

Non-nystagmic eye movements

following angular deceleration occur when mental alertness is inadequate
to sustain the vestibulo-ocular reflex, when eye blinks and other facial
movements are excessive, and, presumably, when vestibular pathology
exists.

The amount of non-nystagmic eye movement decreased with in

creasing age for normal-hearing, but not for hearing-impaired children.
The oldest hearing-impaired children had the greatest amount of nonnystagmic eye movement.

For all children amount of time spent in non-

nystagmic eye movement increased over time within each trial.

Frequency of Postrotatory Primary Nystagmus
PRP nystagmus frequency of normal-hearing children averaged 2.3
beats/sec in the first 10 sec following deceleration, decreasing to
1.5 beats/sec in the second 10 sec.
impaired children were 30% and 27%

Nystagmus frequencies for hearinglower respectively, averaging 1.6

beats/sec in the first 10 sec, declining to 1.1 beats/sec in the second
10 sec following deceleration.

See Table 5 for means and standard

deviations for nystagmus frequency by hearing status, trial, and testing
time.

For the hearing-impaired compared to the controls, frequency in

beats/sec was consistently lower with greater variance.

As expected,

no differences between trials for either group appeared suggesting
that habituation across trials did not take place.

Frequency always

decreased from the first to the second 10-sec testing time.

Mean number of beats/sec by hearing status for three age levels
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Table 4
Mean Number of Seconds Spent in Non-Nystagmic Eye
Movement by Hearing Status, Age Level, and
Time -Within both Trials

Hearing
Status

Trial 1

Trial 2

0 - 1 0 sec

11 - 20 sec

0 - 1 0 sec

11 - 20 sec

1.08
n = 26

2.69
n a 26

1.25
n = 24

n = 24

9-12

.84
n <= 38

2.60
n = 38

1.08
n = 38

2.58
n « 38

Ages
13-16

.76
n = 26

2.54
n o 26

.84.
n = 25

2.60
n = 25

Mean for
All ages

.89
n = 90

2.61
n = 90

1.06
n = 87

2.67

HearingImpaired
Ages
4-8

3.25
n = 8

4.63
n o 8

3.00
n = 8

4.38
n = 8

Ages
9-12

2.19
n = 16

4.13
n = 16

2.81
n = 16

4.25
n = 16

Ages
13-16

4.71
n = 7

6.86
n = 7

6.57
n = 7

7.43
n = 7

Mean for
All ages

3.03
n b 31

4.87
n = 31

3.71
n = 31

5.00
n = 31

n = 21

3.43
n = 21

1.38„
n = 21

3.10
n a 21

5.90
n = 10

7.90
n = 10

8.60
n o 10

9.00
n = 10

HearingImpaired
Normala
HearingImpaired
Abnormal**

Nystagmus results suggest normal semi-circular canal function.
age for this subgroup is 10.5 years.
^Nystagmus results suggest abnormal semi-circular canal function.
age for this subgroup is 11.2 years.

"J

n

Ages

2.88

00

Norma1Hearing:
Ages
4-8

Mean
Mean
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Table 5
Means and Standard Deviations for PRP Nystagmus Frequency
in Beats/Sec as a Function of Hearing Status for
Each Trial and Testing Time

Time

Hearing Status
Normal

Trial 1

Impaired

0 - 1 0 sec

2.27 - .61
n = 90

1.60 - .81
n = 33

Trial 1
11 - 20 sec

1.52 - .50
n = 90

1.06 - .64
n = 33

Trial 2

0 - 1 0 sec

2.29 - .68
n = 87a

1.60 - .92
n = 33

Trial 2
11 - 20 sec

1.52 - .51
n = 87a

1.05 - .65
n = 33

aThree children are excluded due to procedural error.
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£or the four different testing times are presented in Table 6 .

As in

Table 5, Table 6 reflects the decline in nystagmus frequency from the
first to the second 10 sec following deceleration.

Again, no differ

ences between trials emerged, but differences between hearing-impaired
and control children can be noted for every age at every testing time.
Although there are no significant age changes in frequency, in seven
of eight cases the 9- to 12-year-olds have higher frequencies* than
either the younger or the older children.

This result may reflect

differential levels of mental alertness among the three age groups.
The children in the middle age group seemed to enjoy the tests more
than either the younger or the older ones.

The younger children were

more anxious with shorter attention spans and the older ones, although
cooperative, showed less enthusiasm for testing.
Four analyses of regression of nystagmus frequency on age at the
four different testing times were performed for both groups of children.
In none of the eight analyses was age significant suggesting no sig
nificant linear relationship existed between age and PRP nystagmus
frequency.

The eight regression analysis summary tables are in Appen

dix E.
For each of the two groups of children, four least-squares
analyses of variance were also performed with nystagmus frequency at the
four different testing times as the dependent variables and with sub
jects classified by the three age levels and by sex.

Results of these

analyses indicate that, regardless of testing time, frequency did not
change significantly with age level for any of the children, corrobo
rating the results of analyses of regression of PRP nystagmus
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Table 6
Mean Nystagmus Frequency In Beats/Sec as a Function of Hearing
Status and Age Level for Each Trial and Testing Time

Time
Age Level
Hearing Status
____________________________________ Normal________________ Impaired
Trial 1
0 - 1 0 sec

4-8

2.04
n = 26

1.47
n = 10

9-12

2.40

1.81

n = 38

n = 16

2.30

1.28

n = 26

n = 7

1.36

1.06

n = 26

n = 10

1.60

1.24
n a 16

13-16

Trial 1
11 - 20 sec

4-8

9-12

n o 38
1.56

13-16
Trial 2

n = 26

n = 7

2.01

1.64

n » 24a

n a 10

2.40

1.86

n a 38

n = 16

13-16

2.39 .
n = 25

.94
n a 7

4-8

1.38
n = 24a

n = 9C

1.57

1.23

n = 38

n a 16

4-8

0 - 10 sec

•

9-12

Trial 2
11 - 20 sec

.67

9-12

13-16

1.59
n = 25b

aTwo children are excluded due to procedural error.
b 0ne child Is excluded due to procedural error.
c 0ne child is excluded due to incomplete cooperation.

1.11

.54
n = 7
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frequency on age.

The age main effect was never significant, nor was

the age x sex interaction.

The sex main effect was significant only

once (p^.0331) in the eight analyses— in the second 10 sec of trial 2
for the normal-hearing children.

Summary tables for the eight least-

squares analyses for frequency of PRP nystagmus are in Appendix F.
See Table 7 for mean PRP nystagmus frequency for both groups of
children as a function of sex for each trial and testing time.

For both

normal- and impaired-hearing children, males consistently had higher
nystagmus frequencies, but the difference was significant in only one of
eight comparisons.

In Table 7, as in Tables 5 and 6 , nystagmus fre

quency declined from the first to the second trial.

Also, once again,

hearing-impaired mean frequencies were all lower than normal-hearing
mean frequencies.

Amplitude of Postrotatorv Primary Nystagmus
The mean distances that the eyes travelled during a PRP nystagmus
beat for the first and the second 10 sec

following deceleration were,

respectively, 10.81° (.1886 rad) and 8.83° (.1541 rad) of horizontal
eyeball deflection for normal-hearing children.

Mean distances for the

hearing-impaired children were 25% and 27% shorter respectively:

8.11°

(.1415 rad) for the first 10 sec and 6.46° (.1127 rad) for the second
10 sec.

See Table 8 for the means and standard deviations for ampli

tude of PRP nystagmus as a function of hearing status for the two
trials and the two testing times.

Nystagmus amplitude for both groups

of children declined by approximately 20% from the first to the second
10 sec following deceleration.

Trial 1 and 2 means for both groups

were not significantly different ruling out the possibility of
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Table 7

Mean PRP Nystagmus Frequency in Beats/Sec by Hearing Status
and Sex for Each Trial and Testing Time

Hearing Status

Time
Normal
Male

Female

2.20

Male

Impaired
Female

Trial 1
0 - 1 0 sec

2.34
n = 44

n = 46

1*70
n - 13

1.53
n = 20

Trial 1
11 - 20 sec

1.60
n «= 44

1.45
n = 46

1.29
n = 13

.92
n = 20

2.43

2.17

1.77

1.48

n = 46

n = 13

n <= 20

Trial 2

0 - 1 0 sec

n » 41a

Trial 2
11 - 20 sec

1.67b
n = 41a

1.39b
n = 46

1.16
n = 12c

.98
n = 20

Q

Three children are excluded due to procedural error.
^This is the only pair of means which were significantly different
(p <.0331).
c 0ne child is excluded because of incomplete cooperation.
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Table 8
Means and Standard Deviations for Amplitude of PRP Nystagmus
in Degrees of Eyeball Deflection as a Function of
Hearing Status for Each Trial and Testing Time

Hearing Status

Time
Normal

Trial 1

Impaired

11.03 - 3.26a

9.23 - 3.44

0 - 1 0 sec

n = 90

Trial 1
11 - 20 sec

8.33 - 2.83

7.25 - 1.93

n = 90

n = 29b

10.58 - 3.36

8.42 - 3.79

7.88 - 2.76

5.66 - 2.16
n = 31c

G.

11 - 20 sec

32

n = 31c

II

Trial 2

b

n = 87d

OO

0 - 1 0 sec

3

Trial 2

n

aAll amplitude means may be converted into radians ty dividing
the tabled numbers by 57.3.
^Two children are not included because they had no nystagmus during
this testing time.
cOne child is not included because he had no nystagmus during this
testing time.
^Three children are excluded due to procedural error.
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habituation effects across trials.

In no testing period was mean ampli

tude for hearing-impaired children greater than or equal to that for
normal-hearing children.

The amount of variation associated with the

hearing-impaired means does not appear to be significantly different
from that associated with the control means.
Inspection of Table 9, which gives mean amplitude as a function
of hearing status and age level, reveals that for each of the four dif
ferent testing times and for both groups of children nystagmus amplitude
decreases with increasing age.

This is the predicted direction based on

previous studies which suggest that amplitude decreases with increasing
CNS maturation.

Four analyses of regression of PRP nystagmus amplitude

on age at the four different testing times for normal-hearing children
revealed a highly significant linear relationship between age and
nystagmus amplitude at all four testing times (p {.0029,
and .0019, respectively).

.0012, .0019,

Similar analyses of regression for the

hearing-impaired children revealed a highly significant relationship
between age and amplitude at only one of the four testing times (p^
.0003)— the second 10 sec during the second trial.

For the other three

testing times regression of amplitude on age was not significant.

See

Appendix E for the eight regression analysis summary tables.
For each of the two groups of children, four least-squares
analyses of variance were also performed with PRP nystagmus amplitude
at the four different testing times as the dependent variables and with
subjects classified by three age levels and by sex.

The age main effect

was highly significant for all four testing times (p^.0058,

.0004,

.0023, and .0028, respectively) for normal-hearing children and for the
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Table 9
Mean Amplitude of PRP Nystagmus in Degrees of Eyeball Deflection
as a Function of Hearing Status and Age Level for Each Trial
and Testing Time

Time

Trial 1
0 - 1 0 sec

Hearing Status

Age Level

4-8

Normal

Impaired

1 2 ,81a

10.10

n = 26
9-12

10.37
n = 38

13-16

10.20
n = 26

Trial 1
11-20 sec

4-8

10.17
n = 26

9-12

7.97
n = 38

13-16

7.01
n e 26

Trial 2

4-8

0 - 1 0 sec

12.68
n =» 24d

9-12

13-16

10.13

4-8

6.68
n = 7
7.88
n = 9
7.73
n = 14b
5.16
n = 6C
9.68
n = 9
8.80

9.26

5.51
n = 6C

9.37

7.82
n = 38

13-16

n = 16

n = 16

n = 24d

9-12

9.85

n = 38
n - 25d
Trial 2
11-20 sec

n = 9

6.53
n - 25d

7.78
n = 9
5.59
n - 15c
3.07
n = 7

a

All amplitude means may be converted into radians by dividing the
tabled numbers by 57.3.
^Two children are not included because they had no nystagmus during
this testing period.
cOne child is not included because he had no nystagmus during this
testing period.
dThree children are excluded due to procedural error.
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second 10 seconds of both trials (p (.0096 and .0010, respectively)
for the hearing-impaired children, corroborating the results of the
analyses of regression of amplitude on age.

Results of Duncan's Multi

ple Range Tests for all four testing times indicated that mean nystagmus
amplitude for the 4- through 8 -year-old controls was always signifi
cantly larger than the nystagmus amplitude means for either the 9through 12-year-old or the 13- through 16-year-old controls and that
these latter two means were not significantly different.

Results of

similar testing for the hearing-impaired children yielded significant
differences between the amplitude means for the three age levels for
the second 10-sec testing periods of both trials.

In the first trial,

second 10-sec postrotation, the mean nystagmus amplitude for 13through 16-year-olds was significantly lower than the means for the
younger two age levels.

In the second trial, second 10-sec postrota

tion, nystagmus amplitude means for all three age levels were signifi
cantly different, decreasing with increasing age.
The sex main effect and the age x sex interaction were never
significant in any of the eight least-squares analyses of variance.
Summary tables for the least-squares analyses can be found in Appendix
F.
In Table 10 mean FRF nystagmus amplitudes by hearing status and
sex for each trial and testing time can be found.

Perusal of these

means confirms that nystagmus amplitudes of males and females were not
significantly different.

However, regardless of the trial, amplitude

was always greater in the first than in the second 10 sec.

Also, in

all eight instances, the eyes of normal-hearing children traversed a
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Table 10
Mean PRP Nystagmus Amplitude in Degrees/Sec by Hearing
Status and Sex for Each Trial and Testing Time

Time

Trial 1
0 - 1 0 sec
Trial 1
11 - 20 sec
Trial 2

0 - 1 0 sec
Trial 2
11 - 20 sec

Hearing Status
Normal-Hearing
Hearing-Impaired
Male
Female
Male
Female
10.69a

11.35

8.75

9.51

n «= 44

n = 46

n - 12

n = 20

8.29
n = 44

8.36
n = 46

6.81
n = lle

n = 18*

9.85

11.24

n o 41d

n = 46

7.59

8.13

n = 41d

n o 46

9.07
n = llc
6.56
n = llc

7 «51

.

8.07
n o 20
5.16
n = 20

g

All amplitude means may be converted into radians by dividing tabled
numbers by 57.3.
^Two children are not included because they had no nystagmus during
this testing time.
c0ne child is not included because he had no nystagmus during this
testing time.
d Three children are excluded due to procedural error.
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greater mean angular distance than the eyes of hearing-impaired chil
dren.

Slow Phase Velocity of Postrotatory

Primary Nystagmus

The mean S P V ’s of PRP nystagmus for the normal-hearing children
were 47.32°/sec (.8258 rad/sec) and 29.68°/sec (.5180 rad/sec), respec
tively, for the first and the second 10 sec following deceleration.
Mean SPV's for the hearing-impaired children were 17% and 14% slower
respectively:

39.39°/sec (.6857 rad/sec) for the first 10 sec and

25.45°/sec (.4441 rad/sec) for the second 10 sec.

See Table 11 for

the means and standard deviations for SPV of PRP nystagmus by hearing
status for each of the two 10-sec intervals during both trials.

Inspec

tion of these means reveals approximately a 37% decline in SPV from the
first to the second 10 sec of testing for both groups of children.

In

every instance mean eye speed during the slow phase of nystagmus was
slower for the hearing-impaired children than for the controls.

Trial

1 and 2 SPV means were not significantly different for either group
suggesting that no habituation occurred across trials.

Comparisons of

variances for the first versus the second 10 sec indicate that there
were 11% and 7% reductions in variance for the normal-hearing children
from the first to the second 10 sec for the two trials and similar but
greater reductions (34% and 10%) for the hearing-impaired children.
Mean SPV of PRP nystagmus by hearing status and age level for
the two trials and their two testing times are presented in Table 12.
Inspection of these SPV means reveals a trend toward decreasing slow
phase eye speed with increasing age in three of four testing times for
both groups of children.

This is in agreement with results of
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Table 11
Meais and Standard Deviations of SPV of PRP Nystagmus in
Degrees/Sec as a Function of Hearing Status for
Each Trial and Testing Time

Hearing Status

Time
Normal

Impaired

Trial 1
0 - 1 0 sec

48.75 - 15.81a

Trial 1
11 - 20 sec

30.47 *
n = 90

n = 29b

Trial 2

45.89 - 14.11

36.76 - 17.20

n » 87d

n = 31°

28.88 - 10.34
n = 87d

23.23 - 11.66
n = 31c

0 - 1 0 sec
Trial 2
11 - 20 sec

41.81 - 15.33
n » 32

n = 90
9.96

27.67 -

6.43

aAll SPV means may be converted into radians/sec by dividing the
tabled numbers by 57.3.
^Two children are not included because they had no nystagmus during
this testing time.
cOne child is not included because he had no nystagmus during this
testing time.
dThree children are excluded due to procedural error.
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Table 12
Mean SPV of PRP Nystagmus in Degrees/Sec as a Function of Hearing Status
and Age Level for Each Trial and Testing Time

Time

Age Level
Normal

Trial 1
0 - 1 0 sec

4-8

53.15a
n » 26
46.86
n - 38

38.54
n - 9
46.63
n = 16

47.11

34.98

n « 26

n = 7

4-8

36.03
n = 26

29.46
n = 9

9-12

29.04

28.53

n

n = 14b

9-12
13-16

Trial 1
11-20 sec

Hearing Status
Impaired

13-16

b

38

26.99

22.98

n = 26

n =» 6C

51.31

43.78

n = 24d

n = 9

44.90

36.85

n = 38

n = 16

42.18

25.97

n = 25d

n = 6C

4-8

32.83

31.47

9-12

n = 24d
29.21

22.41

n = 38

n = 15c

24.60

14.38

n = 25d

n = 7

Trial 2

0 - 1 0 sec

4-8

9-12

13-16

Trial 2
11-20 sec

13-16

n = 9

£

All SPV means may be converted into radians/sec by dividing the
tabled numbers by 57.3.
bTwo children are not included because they had no nystagmus during
this testing time.
c0ne child is not included because he had no nystagmus during this
testing time.
dThree children are excluded due to procedural error.
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previous studies which suggest that SPV decreases with increasing CNS
maturation.

Analyses of regression of SPV on age for the two groups at

the four different testing times reveal that age changes were signifi
cant for the second 10 sec of trial 1 and the first 10 sec of trial 2
(p 4.0212 and .0198, respectively) and approached significance (p <
.0507) for the second 10 sec of trial 2 for the normal-hearing children.
Only in the second 10 sec of trial 2 is there a significant relation
ship between age and SPV (p 4.0139) for hearing-impaired children.

See

Appendix E for the eight regression analysis summary tables.
For each of the two groups of children four least-squares
analyses of variance were also performed with SPV of PRP nystagmus at
the four different testing times as the dependent variables and with
subjects classified by three age levels and by sex.

See Appendix F

for the eight least-squares analysis summary tables.

The age main

effect was significant for the second 10 sec time period for both
trials (p 4.0037 and .0250,respectively) for controls.

For the

hearing-impaired children, age was significant only for the second
10 sec of trial 2 (p 4.0315).

These results are consistent with the

analyses of regression of SPV on age.

Results of Duncan's Multiple

Range Tests for the second 10-sec time period for both trials indi
cated that the mean SPV of nystagmus for the 4- through 8 -year-old con
trols was significantly faster than either of the means for the older
two age levels for trial 1 and faster than either of the means for the
13- through 16-year-old controls for trial 2.

Results of similar

testing for the second 10 sec of trial 2 for hearing-impaired children
indicated that the SPV mean for the youngest age level was significantly
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larger than the SPV mean for the oldest age level.
The sex main effect and the age x sex interaction were never
significant for any of the eight least-squares analyses of variance.
In Table 13 are the mean SPV's of PRP nystagmus by hearing status
and by sex for each of the four testing times.

There are no significant

differences in the mean eye speeds during the slow phase of nystagmus
by sex, but the decrease in eye speed across the two testing periods is
again evident for both groups of children.

No significant differences

between the two trials appear for either group.

As is true also for

Tables 11 and 12, in no instance is any mean for the hearing-impaired
children greater or equal to any corresponding mean for the control
children.

Comparisons of PRP Nystagmus Measures During CW and CCW Rotations
Table 14 contains mean PRP nystagmus frequencies for CW and CCW
rotations for both groups of children and for all four testing times
in the two trials.

Frequency did not change significantly with direc

tion of rotation for either group of children.

The direction of

rotation variable was not significant in any of the eight least-squares
analyses of variance comparing PRP nystagmus frequency during CW rota
tions to frequency during CCW rotations for normal- and for impairedhearing children.

See Appendix G for the summary tables for these

eight analyses.
Mean PRP nystagmus amplitudes for both directions of rotation
for each group of children at the four different testing times are pre
sented in Table 15.

No changes in amplitude due to direction of rota

tion are evident for either group or for any testing time.

The
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Table 13
Mean SPV of PRP Nystagmus in Degrees/Sec by Hearing Status
and Sex for Each Trial and Testing Time

Time

Hearing Status
Normal-Hearing
Hearing-Impaired
Male
Female
Male
Female

0 - 1 0 sec

49.52a
n = 44

48.01
n = 46

46.06
n = 12

Trial 1
11 - 20 sec

31.35

29.63

29.55

n = 44

n = 46

n = llb

44.99

46.69

41.18

n = 41d

n = 46

n = llb

Trial 1

39.25
n = 20
26.53
n = 18c

Trial 2

0 - 1 0 sec

Trial 2
11 - 20 sec

28.44

,,d

n = 41

' 29.27
n = 46

23.26
n = llb

34.32
n = 20
23.21
n = 20

aAll SPV means may be converted into radians/sec by dividing the
tabled numbers by 57.3.
One male is not included because he had no nystagmus during this
testing time.
cTwo females are not included because they had no nystagmus during
this testing time.
d
Three children were excluded due to procedural error.
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Table 14
Mean PRP Nystagmus Frequency in Beats/Sec for CW vs. CCW
Rotations b y Hearing Status, Trial and Testing Time

Time

Trial 1

0 - 1 0 sec

Trial 1
11 - 20 sec

Hearing Status
Normal-Hearing
Hearing-Impaired
CW
CCW
CW
CCW

2.19
n = 50

2.37
n = 40

1.57
n = 24

1.65
n = 9

1.51
n = 50

1.53
n =40

.98
n = 24

1.28
n = 9

2.31
n = 38

2.27
n = 49

1.75
n = 9

1.54
n = 24

1.55
n = 49

1.50
n = 49

1.06
n = 9

1.04
n = 23a

Trial 2

0 - 1 0 sec

Trial 2
11 - 20 sec

aOne child is excluded due to incomplete cooperation.
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Table 15
Mean PRP Nystagmus Amplitude In Degrees Tor CW vs. CCW Rotations
by Hearing Status, Trial, and Testing Time

Time

Hearing Status
Normal-Hearing
Hearing-Impaired
CW
CCW
CW
CCW

Trial 1

11.43a

10.52

0 - 1 0 sec

n = 50

n « 40

n o 23

Trial 1
11 - 20 sec

8.84

7.68

7.17

n = 50

n = 40

n = 21c

n = 8b

Trial 2

10.32

10.78

9.50

7.98

0 - 1 0 sec

n = 38

n = 49

n = 9

Trial 2
11 - 20 sec

7.74

7.98

7.05

5.17

n = 49

n = 8b

n o 23

n = 38

9.34

8.93
n = 9
7.46

n = 22

aAll amplitude means may be converted into radians by dividing the
tabled numbers by 57.3.
bOne child is excluded because he had no nystagmus this testing time.
Two children are excluded because they had no nystagmus during this
testing time.

86

direction of rotation variable was never significant in the eight
least-squares analyses of variance comparing nystagmus amplitude
during CW rotations to that during CCW rotations.

Summary tables for

the analyses for both normal- and impaired-hearing children are in
Appendix 6 .

In Table 16 are means for SPV of PRP nystagmus for CW versus
CCW rotations for both groups of children at all four testing times.
Mean eye speeds during the slow phase of nystagmus for each direction
do not appear different for hearing-impaired children.

However, mean

eye speed appears greater for CW compared to CCW rotations for normalhearing children, this is especially true of the SPV means for the
first 10 sec of the first trial.

The SPV means during this time period

for normal-hearing children were 52.94°/sec (.9239 rad/sec) for CW rota
tion and 43.51°/sec (.7593 rad/sec) for CCW rotation.

This difference

was highly significant (p £.0041) in a least-squares analysis of
variance comparing velocity of the slow phase of nystagmus by direction
of rotation.

Direction of rotation in the remaining seven least-

squares analyses of variance comparing SPV of PRP nystagmus during CW
versus CCW rotations was not significant.
In 24 comparisons of direction of rotation at least one can be
expected to be significant by chance alone.

However, the single dif

ference which did occur is highly significant suggesting something
more than chance might be operating.

Investigation revealed that

neither age, nor sex, nor handedness could explain the difference.
Sequence of testing across days, order of testing within days, time of
testing (AM versus PM), unequal physical stimulus resulting from
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Table 16
Mean SPV of PRP Nystagmus in Degrees/Sec for CW vs. CCW
Rotations by Hearing Status, Trial, and Testing Time

Hearing Status

Time
Normal
CW

0 - 1 0 sec
Trial 2
11 - 20 sec

43.51
n = 40

41.93
n = 23

41.49
n = 9

32.40

28.06

26.99

29.47

n = 50

n = 8b

33.20
n o 22b

n = 21°

48.47
n = 38

43.88
n = 49

45.45
n = 9

29.25

28.60

30.47

20.71

n = 8b

n = 23

n = 38

VO

Trial 2

CCW

3
ti
•*>
o

Trial 1
11 - 20 sec

CW

52.94a
n o 50

II

0 - 1 0 sec

3

Trial 1

Impaired
CCW

aAll SPV means may be converted into radians/sec by dividing the
tabled numbers by 57.3.
One child is excluded because he had no nystagmus during this testing
time.
cTwo children are excluded because they had no nystagmus during this
testing time.
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mechanical problems with the chair, and differential sensation reports
were ruled out as possible causes.

Inspection of the SPV mean for

each control child for the first 10 sec of trial 1 revealed that for
83 of 90 children SPV was less than 73°/sec (1.2739 rad/sec).

The SPV

means for the remaining seven children ranged from 74.530/sec (1.3006
rad/sec) to 109.48°/sec (1.9106 rad/sec).

These children with mean

slow phase eye speeds almost double that of other children their age
came from all age levels and both sexes.
high SPV means is unknown.

Why these children had such

Six of the seven were rotated CW, possibly

explaining why the mean SPV for the CW direction was significantly
larger than the mean SPV for the CCW direction.

When the individual

means for these seven were removed and the overall SPV means for the
CW and CCW rotations were recalculated, the new means were:

48.09°/sec

(.8392 rad/sec) for CW and 4l.82°/sec (.7298 rad/sec) for CCW.

This

difference is comparable to the difference in this group's SPV for the
first 10 sec of trial 2 which was not significant.

Recall that the

analyses of regression of SPV on age were significant for two testing
times(trial 1 , 11-20 sec, and trial 2 , 0-10 sec) and approached sig
nificance in a third, trial 2, 11-20 sec, (p<.0507).

Because of the

possibility that the unexplained difference in CW versus CCW rotations
in the first 10 sec of trial 1 could have obscured a significant linear
relationship between SPV and age, separate regression analyses were
performed for CW and for CCW rotations for this particular testing
time.

Summary tables for these two analyses are in Appendix H.

How

ever, no significant linear relationship between SPV and age was found
for either direction of rotation for this testing time.
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Comparisons of PRP Nystagmus Measures between Trials for
Habituation Effects
In order to test for possible habituation effects from trial 1
to trial 2 , least-squares analyses of variance were performed for each
of the three PRP nystagmus dependent variables for each group of chil
dren.

See Appendix I for the summary tables for these six analyses.

No habituation effects were expected, since the CW and CCW decelera
tions were two independent (distinct and unrelated) stimuli.

Habitua

tion effects would have been expected only if the children had been
rotated in the same direction for both trials.

Inspection of Tables 5,

8 , and 11 reveals that the means for frequency, amplitude, and SPV of
PRP nystagmus did not change significantly across trials for either
normal- or impaired-hearing children.

Results of six Duncan's Multi

ple Range Tests confirm this observation and indicate that the
decreases in all the means from the first to the second 10 sec of a
trial were significant.

Postrotatory Secondary Nystagmus
Secondary nystagmus in children has been investigated system
atically only once.

Table 17 contains the frequency with which second

ary nystagmus occurred in this study during rotation following the
initial acceleration and after rotation following deceleration for the
two groups of children on two trials.

For both normal- and impaired-

hearing children secondary nystagmus occurred over 20% more often
during rotation than after rotation.

Control children had perrotatory

secondary nystagmus on 81% of the trials and postrotatory secondary
(PRS) nystagmus on 60% of the trials.

Hearing-impaired children had

90

Table 17

Total Number of Times Perrotatory and Postrotatory Secondary
Nystagmus Occurred for Normal- and Impaired-Hearing
Children

Hearing Status

Normal
n = 87

141 (81%)c

105 (60%)C

Impaired
n = 31

36 (56%)

20 (32%)

36 (83%)

17 (40%)

0 (0%)

3 (15%)

Impaired
Normal 8
n = 21
Impaired
Abnormal '3
n = 10

a
b

Secondary Nystagmus
Perrotatory
Postrotatory

Children suspected of having normal semi-circular canal function.
Children suspected of having abnormal semi-circular canal function.

cSecondary nystagmus occurring on both trials was counted twice.

91

perrotatory secondary nystagmus on 58% of the trials and PRS nystagmus
on 32% of the trials.

Perrotatory

secondary nystagmus frequency was

consistently higher than PRS nystagmus frequency partly because there
was generally more time for it to occur.

Most children spent more

testing time rotating (a minimum of 60 sec) than they did following
rotation (between 30 and 60 sec usually).

More PRS nystagmus might

have been elicited in both groups had more children allowed the sleep
mask to remain on longer.
See Table 18 for the number of children having PRS nystagmus
and the mean number of sec elapsed from deceleration to the initiation
of PRS nystagmus for each trial.

Of 90 controls tested in trial 1,

59 (66%) had PRS nystagmus in addition to PRP nystagmus.

Of 87 con

trols tested in trial 2, 46 (53%) had PRP and PRS nystagmus following
deceleration.

For the hearing-impaired children, 9 (29%) had PRS

nystagmus in trial 1 and 9 (29%) in trial 2.

PRS nystagmus began after

approximately 45 sec for controls and after approximately 39 sec for
the hearing-impaired.

This result suggests attenuation of the time

course of nystagmus in the hearing-impaired children.
The frequency of occurrence of secondary nystagmus, both per
rotatory and

postrotatory,

in both trials for both groups of children

at three age

levels can be

found in Table 19. Normal-hearing children

were more likely to exhibit secondary nystagmus and on more occasions
than the hearing-impaired children regardless of age.

Secondary

nystagmus could not be elicited in only 2% of the controls compared to
23% of the hearing-impaired children.

No relationship between age and

PRS nystagmus frequency can be discerned.
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Table 18
Number of Children Having Postrotatory Secondary Nystagmus and Number
of Seconds before Its Occurrence for Each Age Level by Hearing
Status and Trial
Age Level

Hearing Status
Normal
Impaired
Trial 1
Trial 2
Trial 1
Trial 2

4-8

47.22
n = 18

47.20
n = 10

31.33
n «= 3

41.50
n = 2

9-12

44.39
n = 28

39.00
n = 22

32.40
n = 5

43.33
n = 6

44.67

49.67

36.00

26.00

n = 15

n = 12

n = 1

n = 1

45.39

43.72

36.89

41.00

n = 59a

n = 46b

n = 9C

n = 9^

13-16

4-16

aEight of 31 controls who did not have secondary nystagmus terminated
recording before 45 sec postrotation had elapsed.
^Thirteen of 41 controls who did not have secondary nystagmus terminated
recording before 44 sec postrotation had elapssa.
cSix of 22 hearing-impaired children who did not have secondary
nystagmus terminated recording before 37 sec postrotation had elapsed.
^Fourteen of 22 hearing-impaired children who did not have secondary
nystagmus terminated recording before 41 sec had elapsed.
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Table 19
Number of Times Secondary Nystagmus Was Exhibited during
the Two Trials by Age and Hearing Status

Hearing Status

Age
Level

Normal
2
1

3

4

4-8

3

7

6

8

9-12

2

8

14

0

1

Impaired
2
3

l(l)a

1

4(1)

1

14

3(3)

3(1)

.2

5

3(4)

2

1

1

0

4
1

'

3

13-16

2

3

7

11

2

n

2

8

22

31

24

7

■6

7

7

4

%

2

9

25

36

28

23

19

23

23

13

Note:

Secondary nystagmus could occur a maximum of four times, during
or after rotation in each of the two trials.

l u m b e r s in parentheses refer to the children suspected of having
abnormal semi-circular canal function.
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Aftersensations of Continued Movement in Response to the
Rotating Chair Test
Based on physical cupular mechanics, the predicted aftersensa
tion following the abrupt stop of the chair for a child with at least
one intact semi-circular canal system is turning in the direction
opposite that of rotation.

Table 20 gives the frequency by age and

hearing status for each trial with which this and other aftersensations
were reported.

The majority of the children, both normal- and

impaired-hearing, reported the predicted primary aftersensation— the
somatogyral illusion— for both trials.

This aftersensation was

reported by 78 (87%) normal-hearing and 18 (72%) hearing-impaired chil
dren during the first trial and by 80 (89%) normal-hearing and 19
(76%) hearing-impaired children on the second trial.

On the first

trial 29 (37%) of the 78 normal-hearing children reporting the soma
togyral illusion also reported a secondary aftersensation of reversing
direction and turning again in the direction of rotation.

For trial 2,

23 (29%) of the 80 normal-hearing children reporting a primary after

sensation, also reported a secondary aftersensation.

No hearing-

impaired child reported a secondary aftersensation on the first trial
and only 3 (16%) of the 19 hearing-impaired children reporting primary
aftersensations for the second trial also reported secondary after
sensations.

The disparity between the frequencies of reported

secondary aftersensations for the normal-hearing and the hearingimpaired may have been due in part to communication difficulties of the
hearing-impaired.
Only 9% of the children (6 hearing-impaired, 4 normal-hearing)

Table 20
Frequency of Three Different Aftersensations of Movement Following the Rotating Chair
Test Reported by 25 Hearing-Impaired and 90 Normal-Hearing Children
according to Age and Trial

Age
4
5

6

Number
Reporting
Primary
Aftersensation
HearingNorma1Impaired
Hearing

(1 )

Kl)

8

1 (1)
1 (1)
2 (2 )

10
11
12
13
14
15
16
n
7o

Number
Reporting No
Sensation of
Movement
HearingNormalHearing
Impaired

Number Reporting
Movement Straight
Ahead or in Un
known Direction
HearingImpaired

Norma 1Hearing

KD
l(l)a

7
9

Number
Reporting
Secondary
Aftersensationk
HearingNorma1Hearing
Impaired

2(3)
6 (6 )
2 (2 )

2 (1)
18(19)
72(76)

2(3)
4(6)
5(6)
6 (6 )
10(9)
6(5)
13(12)
6 (6 )
11 (12)
8 (8 )
5(5)
2 (2 )
78(80)
87(89)

(2 )
(1)

0(3)
0 (12)

(1)
1 (1)
1 (1)
(2 )
3(2)
2(3)
9(4)
1 (1)
5(2)
2 (1 )
3(3)
2 (2 )
29(23)
32(26)

1

1
2 (1)
1 (1)
1 (1)

(1)
1(3)
(1)

1
1

2

1
(1)

1 (1)
1 (1)
1
1 (1)
2 (2 )
(1 )

6 (6 )
24(24)

4(6)
4(7)

1 (0)
4(0)

8(4)
9(4)

3
First number represents number of occurrences during the first trial.
represents number of occurrences during the second trial.
t>All categories are mutually exclusive except this one.
had already reported a primary aftersensation.

Second number in parentheses

Children who reported a secondary aftersensation,
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reported no aftersensation of movement whatsoever for the first trial
and 10% (6 hearing-impaired, 6 normal-hearing) for the second trial.
On trial 1 another 8% of the children (1 hearing-impaired, 8
normal-hearing) reported aftersensations of movement either in a direc
tion they could not determine or straight ahead.

Only four children

(3%), all controls, reported this during trial 2.
In perusal of Table 20 it is important to remember that in
darkness and in the absence of acceleration and deceleration adults
report illusory movements including rotation, swinging and moving up
and down.

Autogyrokinesis probably occurs in children too.

Results of six Kolmogorov-Smirnov tests comparing the trial 1
and the trial 2 distributions for both groups for each aftersensation
category in Table 20 which contained at least four subjects indicated
that there was no significant difference between the distribution of
reported sensations by trial for either hearing-impaired or normalhearing children.
Since there were no differences between the frequency distribu
tions by trial, the data for trials 1 and 2 were combined for the six
largest distributions in Table 20 in order to test for age differences
in reported sensation for both groups of children.

Results of five

Kolmogorov-Smirnov tests comparing the combined frequency distributions
for individual aftersensation categories with the frequency distribu
tion of children reporting any aftersensation for each group revealed no
significant age differences.

The sixth Kolmogorov-Smirnov test, com

paring the distribution of normal-hearing children reporting sensations
of moving straight ahead or in an unknown direction with the
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distribution of normal-hearing children who reported any aftersensa
tion,was highly significant (p(.Ol).

This result suggests that

younger chiidren are more likely than are older ones to report these
particular illusory aftersensations.
Aftersensations of movement in undetermined direction are
typical responses to Coriolis acceleration--two or more acceleratory
forces acting simultaneously on the vestibular end organs.

Since the

younger children moved their heads more during deceleration than the
older ones did, it is possible that a number of the children repre
sented in the last two columns of Table 20 actually experienced
Coriolis acceleration.
Three normal-hearing children not represented in Table 20, (two

8-year-old males, one 4-year-old female) who moved their heads during
deceleration reported the more common Coriolis reaction— that of
feeling as if they were tumbling forward.

A fourth child, a 7-year-

old normal-hearing male, declined further testing after becoming
frightened as a result of a Coriolis reaction.
Table 21 illustrates the relationship between reported after
sensations and the occurrence of primary and secondary nystagmus for
the 90 normal-hearing children and the 25 hearing-impaired children
who could communicate their sensations of movement.

The number of

aftersensations reported was an accurate indication of the number of
types of nystagmus which occurred for 57% of the controls and 52% of
the hearing-impaired for trial 1 and 50% for each group for trial 2.
For 30% of the controls and 20% of the hearing-impaired on trial 1 and
35% of the controls and 5% of the hearing-impaired on trial 2 the number

Table 21
Relationship between Reported Sensations of Movement following Deceleration
and the Occurrence of Postrotatory Primary and Secondary Nystagmus
by Trial for 90 Normal-Hearing and 25 Impaired-Hearing Children

Type of
Nystagmus

Hearing
Status

Primary

i^ftersensation only
f

PRP
Nystagmus
only

PRP and PRS
Nystagmus

Children 's Reports of Aftersensation
Moving Straight
Primary and
Ahead or in
Secondary
Unknown Direction
Aftersensations
Trial 2
Trial 2
Trial 1
Trial 1

rrial 1

Trial 2

Normal

26
(29%)

28
(31%)

Impaired

13
(52%)

0

1

(48%)

( 0%)

( 4%)

Normal

23
(26%)

26
(29%)

25
(28%)

17
(19%)

Impaired

5
(20%)

4
(16%)

0
( 0%)

2
( 8%)

12

4
( 4%)

9
(10%)

No Sensation
of Movement
Trial 1
Trial 2

1
( 1%)

0
( 0%)

3
( 3%)

1

0

( 4%)

( 0%)

4
(16%)

4
(16%)

4
( 4%)

3
( 3%)

4
( 4%)

3
( 3%)

0
( 0%)

0

2

2

( 0%)

( 8%)

( 8%)

4
( 4%)

VO
00
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of reported aftersensations was indicative of the presence of nystagmus
but not the number of types occurring.

Eight controls and one hearing-

impaired child on trial 1 and four controls on trial 2 reporting other
types of movement all had at least primary nystagmus.

On trial 1 4% of

the controls and 24% of the hearing-impaired and on trial 2 6% of the
controls and 24% of the hearing-impaired reported no sensations of
movement but had one or both types of postrotatory nystagmus.

Results

for both groups were comparable except that hearing-impaired children
were more likely to deny aftersensations of movement and less likely to
have PRS nystagmus and to report secondary aftersensations.

Visceral Sensations Reported in Response to the Rotating Chair Test
Most children exhibited some disorientation when getting out of
the rotating chair after the two trials.

They were usually unsure on

their feet and slower, more cautious, in their actions immediately
following testing.
visceral

There appeared to be no relationship between the

reactions the children reported and their behavior, however.

It was not unusual for a pallid and unsteady child to deny feeling
different in any way.
The frequency of occurrences of six categories of reported vis
ceral reaction to deceleration, as well as the frequency of reported
denial of visceral reactions, by hearing status, age, and trial are
presented in Table 22.

The exact words used by the children to

describe their sensations are listed in Appendix J.

To determine if

there was a difference in reported sensation by trial, 12 KolmogorovSmirnov tests were performed comparing the distributions for the two
trials for each sensation category for each group of children.

(Upper

Table 22
Frequency of Various Visceral Sensations Following the Rotating Chair Test Reported by 25 Hearing
Impaired and 90 Normal-Hearing Children according to Age and Trial

Head
Changes
Age
4
5

H-I

N-H

l(l)a

1 (2 )

6
7

8
9

10
11
12
13
14
15
16

(1)
1 (1)
2 (2 )
2 (2 )
2(3)
5(5)
1 (1)

1

1(3)
3(1)
6 (2 )
4(5)
7(3)
9(7)
3(0)
5(4)
5(3)
4(3)
1 (1)

Stomach
Changes
H-I

N-H

Tempera
ture
Changes
H-I
N-H

1
2 (1)
(1)

3(1)

KD

1
2 (2 )
1 (1)
1
3(1)

4(5)
3(4)
4(4)

1
1 (1)
1

KD
(1)
2 (2 )

KD KD

1 (1)
1 (2 )
2 (2 )
2 (1)
6 (2 )

Upper
Extremity
Changes
H-I
N-H

(1)
(1)
(1)

2(4)
5(5)

1
1
1 (1)
1 (2 )
1 (1)

Lower
Extremity
Changes
H-I
N-H

1 (1)

2 (2 )
1

(1)

3(2)

1 (2 )

1
1

5(2)

Vague
Whole Body
Changes
H-I

N-H

1
2 (1)
2 (2 )
2 (1)
3(2)
5(5)
3
5(3)
2(3)
3(2)

No
Visceral
Sensations 0
H-I

N-H
(1)

(1)

1
1 (1)
1

1
1
1 (2 )
2 (1)

1(1)
2

1

3(4)
3(4)
1(3)
3(2)
1 (1)
2(4)
1(3)
5(5)
2(4)
(1)
(1)

1

2 (1)

2(3)

9(4)

8 (8 )

31(22)

2 (1)

4(3)

5(4)

21(33)

32(32)

34(24)

8(4)

4(3)

20(16)

23(37)

n

15(16) 49(34) 5(3) 24(19) 5(6) 24(21)

1 (2 )

7,

60(60) 54(38)20(12)27(21) %<20) 27(23)

4(8) 10(4)

aFirst number refers to number of occurrences during the first trial.
refers to number of occurrences during the second trial.

(1)
(1)

Second number in parentheses

^Children reporting this are not represented in any other column. However, a child not represented in
this column may be represented in each of the remaining six columns.
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extremity changes and vague whole body changes for hearing-impaired
children were reported too infrequently to test for trial differences.)
No significant differences between trials were found for any of the 12
Kolmogorov-Smirnov tests, so for subsequent testing for age differences
by sensation category the data from the two trials were combined.
There was no relationship between the type of visceral sensation
reported and age for either hearing-impaired or normal-hearing chil
dren.

Twelve more Kolmogorov-Smirnov tests were performed comparing

the combined distributions for each sensation category for each group
of children with the age distribution for the 25 hearing-impaired and
the 90 normal-hearing children reporting their sensations.

None of

the 12 tests for age differences was significant.
Since there were neither trial nor age differences in reported
visceral sensation, the data were combined for both trial and age.

See

Table 23 for the frequency of occurrences of the six different sensa
tion categories by hearing status.

No compelling differences between
i

children based on hearing status appeared in the types of visceral
sensations they reported. On any given trial about half the time dizzi
ness or another head change was reported.

A lower extremity, a tempera

ture, or a stomach change was reported 16% to 32% of the time.
Infrequently,

(4% to 7% of the time) an upper extremity or vague, whole

body change was reported.

No one reported feeling clammy.

Usually

more than one change was reported for a trial; this was true for both
groups.
None of the children vomited although three control children
who were tested in late morning on empty stomachs experienced nausea.
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Table 23
Number of Times over Both Rotating Chair Trials that Six
Categories of Visceral Sensation were Reported for
Both Groups of Children

Visceral
Sensation

Hearing Impaired
(total number of possible
occurrences=50)

Normal-Hearing
(total number of possible
occurrences=180)

Head
Changes

31(60%)

83(46%)

Lower
Extremity
Changes

16(32%)

53(29%)

Temperature
Changes

11 (22%)

45 (25%)

Stomach
Changes

8(16%)

43(24%)

Upper
Extremity
Changes

3(6%)

13(7%)

Vague-Whole
Body Changes

3(6%)

7(4%)

Note:

Both columns add up to more than the total number of
occurrences because children frequently reported more than
one visceral sensation to a trial.
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Hearing status was unrelated to the affirmation or denial of
visceral sensations In response to deceleration in the rotating chair.
Table 24 contrasts the number of times autonomically-induced, visceral
reactions were affirmed or denied for both groups of children.

A chi-

square test to determine if presence or absence of visceral sensation
was related to hearing status was not significant

CfJ (1) = 2.83).

Dichotomization of Hearing-Impaired Children Based on Results of the
Analyses of the Three PRP Nystagmus Measures
Because of the presence of significant decreases in two of the
three nystagmus measures with increasing age, all children's FRF
nystagmus data were grouped according to the three age levels.

Ranges

for each age level for PRP nystagmus frequency, amplitude, and SPV
were obtained for the control children and for the hearing-impaired
children.

Mann-Whitney U-Tests revealed no differences between the con

trol and the hearing-impaired data by age level for any of the three
nystagmus measures at any of the four testing times.
Although no differences between the two groups existed in any of
these 36 tests, not one hearing-impaired child ever ranked higher than
the highest ranking control child, and on at least one occasion each,
17 hearing-impaired children ranked below the lowest ranking control
child.

The number of times these 17 children ranked below all normal-

hearing children of comparable age is presented in Table 25.
Two reasons can account for these 17 children's outlying responses
on the PRP nystagmus measures:

(a) inadequate level of mental alertness

necessary for execution of the vestibulo-ocular reflex and (b) semi
circular canal pathology.

When insufficient mental alertness is the
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Table 24
Number of Times No Versus'at Least One Visceral Sensation
was Reported for Rotating Chair Trials for Both
Groups of Children

Visceral
Sensation

None

At Least One

Hearing-Impaired
(total number of
possible
occurrences5^ 0)

Normal-Hearing
(total number of
possible
occurrences=180)

9(18%)

54(30%)

41(82%)

126(70%)

105

Table 25
The Number of Times PRP Nystagmus Parameters were Below Normal-Hearing
Ranges for 17 Hearing-Impaired Children along with Severity, Onset
Age and Etiology of their Hearing Impairments

Subject
Number

Age
and
Sex

95
115

12M
10F
15F
13F
13M
10F
12M
6F
8F
13F

101
117
109
119
123
105

110
114

96
124
125

112
99
108

121

Note:

8M
15F
9M
12 F
13M
5M
7F

Number of
Responses
Below
Control
Ranges

10
10
9
9
7
7

6
5
5
5

4a
3
3
„2
la
la
la

Hearing
Loss in
db.

Onset Age
l=Congenital
2=Postnatal

103
107
99

118
92b
105
95

2
2
2
2
2
2
1
2
1
1

106
108
72
67
94
103
114

1
2
2
1
1
1
1

120
98

110

Etiology 0
of
Hearing Loss

1
5

1
1
1
4
3

1
3
3

3
5
5
3
3

6
3

The first 10 children are believed to have semi-circular canal
pathology. The last 7 children are believed to have normal
semi-circular canals but to have been insufficiently alert
during testing.
These 4 children each had one trial in which all six PRP nystag
mus parameters were within the normal-hearing range for their
age level.
bThis child has a 92 db. loss in the left ear; right ear is normal.
cEtiologies:
1-Meningitis, 3-Cause unknown, 4-Undiagnosed illness
with high fever and drug therapy, 5-Recurrent otitis media with
allergies, 6 -Prenatal rubella.
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cause, children's nystagmus responses are inconsistent— sometimes
within normal-hearing ranges and sometimes below.

When semi-circular

canal pathology is the cause, nystagmus responses are consistently
below the ranges of the normal-hearing.
Insufficient mental alertness was probably the cause for four of
these children's diminished nystagmus responses (subjects 96, 99, 108,
121), since they all experienced one trial in which all six PRP
nystagmus measures for that trial were within the normal-hearing ranges
for their age levels.

Because their PRP nystagmus on one trial

resembled that of the control children, these four hearing-impaired
children are presumed to have normal semi-circular canals.

(Based on

motor development histories provided by the accompanying parent, con
trol children were all assumed to have normal canal function.

There

fore, any diminution in their nystagmus responses was the result of
insufficient level of mental alertness.)
Three children in Table 25 (subjects 124, 125, 112) had outlying
nystagmus responses only 17% to 25% of the time; the majority of the
time their nystagmus responses were within the normal-hearing ranges.
They also probably have intact semi-circular canals but were not
sufficiently alert on all or part of either trial.
The first 10 children in Table 25 had nystagmus responses below
the control ranges for 42% or more of the time.

Based on the frequency

with which their nystagmus responses ranked below normal-hearing ranges,
they probably have severe bilateral semi-circular canal deformation or
damage.
The average age of this subgroup of 10 hearing-impaired children
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with probable labyrinthine pathology was 11.2 years.

The mean age for

all 31 hearing-impaired children tested was 10.5 years.

The 10 with

presumed canal damage included seven females (70%); 65% of the total
number of hearing-impaired children who cooperated during rotatory
testing were female.
The severity, age at onset, and etiology of hearing impairment
for the two groups of hearing-impaired children with diminished PRP
nystagmus responses compared to the responses of normal-hearing
children of comparable age can be found in Table 25.

Although sample

size was too small to discern, semi-circular canal deficit appeared to be.
associated with the most severe hearing losses.

Mean hearing loss for

the suspected abnormal subgroup was 100 db. and for the suspected normal
subgroup was 84 db.

All 10 children believed to have canal damage had

profound hearing losses.

Of all 31 hearing-impaired children tested

successfully on both rotatory trials, 21 (68%) had hearing losses
classified as profound (see Table 3).

About half of these children

with profound losses are identified as having semi-circular canal
pathology.
Semi-circular canal pathology appeared to be associated slightly
more with postnatal than with congenital onsets, but this relationship
was not significant

(1)=.5052).

For all of the 31 hearing-

impaired children tested, onset of hearing loss occurred postnatally
for 13 (427»).

Seven (70%) of 10 children with suspected canal path

ology incurred their hearing losses postnatally secondary to infectious
processes.

The remaining three (3%) with suspected canal pathology

have congenital hearing losses.
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The distribution of the two groups of hearing-impaired children
classified by presumed semi-circular canal status and by etiology of
hearing impairment is presented in Table 26.

The sample size is too

small and the number of etiologies represented is too large to draw any
conclusions regarding the relationship between etiology and semi
circular canal status.
During the hour of testing none of these 10 children appeared to
have any equilibrium difficulties nor was any one of them clumsy.
Apparently, any semi-circular canal pathology these children may have
is being adequately compensated for under normal circumstances via
other sensory systems.

Dichotomization of Hearing-Impaired Children Based on Six Additional
Nystagmus and Sensation Measures
Data for the 87 controls and the 31 hearing-impaired children
who completed two rotatory trials were reexamined on the basis of six
additional criteria, four nystagmus and two sensation response charac
teristics, in order to determine whether the 10 children with presumed
semi-circular canal pathology could be isolated on the basis of a
different set of criteria for responses to deceleration.
The first criterion was spending more than 7 sec during any one
of the four 10-sec testing times in non-nystagmic eye movement.

Three

(3%) of the normal-hearing and 10 (32%) of the hearing-impaired chil
dren met this criterion.

The 10 hearing-impaired children meeting

this criterion are the same 10 children suspected of having canal
pathology based on the frequency with which they had absent or dimin
ished PRP nystagmus frequency, amplitude, and SPV.

In the lower third
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Table 26
Distribution of Two Subgroups of Hearing-Impaired Children
according to Etiology of Hearing Loss and Suspected
Semi-Circular Canal Status

Cause of Hearing Impairment
HearingImpaired
Subgroup

Undiagnosed Recurrent Prenatal
Rubella Hereditary
Menin Cause
Illness with Otitis
gitis Unknown High Fever
Media

Canals
Abnormal
n =10

5
(50%)

3
(30%)

1
(10%)

(10%)

0
(0%)

Canals
Normal
n =21

3
(14%)

6
(29%)

5
(24%)

3
(14%)

(9.5%)

6

4
(13%)

All
HearingImpaired
n=31

8
(26%)

9
(29%)

(19%)

1

2

2
(6.5%)

0
(0%)

2
(9.5%)

2
(6.5%)
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of Table 4 are the means for the amount of time spent in non-nystagmic
eye movement for these 10 children and for the remaining 21 hearingimpaired children with presumed normal semi-circular canal function.
The 10 children with presumed abnormal canal function spent 79% of the
total 40 sec of testing time in non-nystagmic eye movements compared
to 18% for controls and 24% for the 21 hearing-impaired children with
presumed normal canal function.
The second criterion was met by any child whose polygraph
records for both trials revealed either questionably present or no
primary perrotatory nystagmus in response to the initial acceleration.
One (1%) of the control children and seven (22%) of the hearingimpaired children met this criterion.

These seven hearing-impaired

children are all among the subgroup of 10 with presumed semi-circular
canal pathology based on their absent or low PRP nystagmus responses.
The third criterion was failure to exhibit secondary perrota
tory nystagmus on either trial.

Seven (8%) of the controls and 11

(35%) of the hearing-impaired children met this criterion.

The 10

children in the abnormal canal subgroup are among the 11 hearingimpaired children meeting this criterion.
The fourth criterion was failure to exhibit PRS nystagmus on
either trial.

Two (2%) of the controls and nine (29%) of the hearing-

impaired children met this criterion.

The 10 children previously sus

pected of having semi-circular canal pathology once again are well
represented, comprising eight of the nine hearing-impaired children
meeting this criterion.
The number of times per- and postrotatory secondary nystagmus
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occurred for the two subgroups of hearing-impaired children can be
found in the lower portion of Table 17.
in Table 19 by age level.

This information is presented

Perusal of these tables reveals that normal-

and impaired-hearing children with presumed normal semi-circular canal
function exhibited secondary nystagmus on a majority of trials.

By

contrast, the 10 hearing-impaired children with presumed labyrinthine
compromise exhibited very little, if any, secondary nystagmus.
One (1%) of the control children and five (16%) of the hearingimpaired children met the fifth criterion, absence of any aftersensa
tion of movement for both trials.

Communication difficulties made it

impossible to determine whether or not another six (19%) hearingimpaired children met this criterion,

of the five hearing-impaired

children meeting this criterion, four are among the subgroup of 10
children suspected of having semi-circular canal pathology.

Of the

six with communication difficulties one is among these 10 .
The final criterion, denial of any specific visceral reactions
to deceleration for both trials, was met by 18 (21%) of the controls
and eight (26%) of the hearing-impaired children.

Communication diffi

culties prevented another five (16%) of the hearing-impaired children
from being considered for this criterion.

Six of the eight hearing-

impaired children meeting criterion and one of the five hearingimpaired children with communication difficulties are among the subgroup
of 10 children suspected of having semi-circular canal pathology.
In Tables 27 and 28 are summary data for controls and for hearingimpaired children, respectively, who met any of the six additional
criteria.

As was true for the previous dichotomization, the children

Table 27
The Number of Times that 29 Normal-Hearing Children met the Six Additional
Nystagmus and Sensation Criteria

Sensation Criteria

Nystagmus Criteria
Subject
Number

NonNystagmic
Eye Movement
( > 7 Sec)

18
16

20

No
Perrotatory
Secondary
Nystagmus
X

No
Postrotatory
Secondary
Nystagmus

No After
sensation
of Movement

No
Visceral
Reactions

X

X

12
15
33
43
53
69
38
45

No
Perrotatory
Primary
Nystagmus

X
X

X

X
X

X

X
X
X
X
X
X

4

X

11

X

41
44
83

X

X

X
X

37
51
54
58
60
63

X
X
X
X
X
X

2
2
1
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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2

Total
Number of
Criteria
Met

Table 27 (continued)

Nystagmus Criteria
NonNystagmic
Eye Movement
( > 7 Sec)

No
Perrotatory
Primary
Nystagmus

No
Perrotatory
Secondary
Nystagmus

Sensation Criteria
No
Visceral
Reactions

Total
Number of
Criteria
Met

74
76
82

X

1

X

1

X

1

86

X

1

87

X

1

88

X

1

Subject
Number

No
Postrotatory
Secondary
Nystagmus

No Aftersensation
of Movement

-
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Table 28
The Number of Times that 21 Hearing-Impaired Children met the Six Additional
Nystagmus and Sensation Criteria

Sensation Criteria

Nystagmus Criteria

Subject
Number

No
Nystagmic
Eye Movement

0 7 Sec )

No
Perrotatory
Primary
Nystagmus

No
Perrotatory
Secondary
Nystagmus

No
Postrotatory
Secondary

too After
sensation
of Movement

No
Visceral
Reactions

Nystagmus

Total
Number of
Criteria
Met

95
115

X

X

101

X

X

X

X

5
3
4

117
109
119
123
105

X

X

X

X

X

X

6

X

X

X

X

X

X

6

X

110
114
125

X

112

X

X

X

X

X

X

X

X

X

X

X

X

X

X

9

9

X

X

X

5
4
3

X

X

X

X

X

X

6

X

X

9

9

9

X

2
1

X

3

X

99
108

9

9

9

121

9

9

9

118
113

X

102
120

9

1
9

X

Question marks indicate the number of times communication difficulties precluded
meeting a criterion.

?
9

1
114

Note:

9
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isolated on the basis of this set

of six criteria probably demonstrated

either insufficient level of mental alertness or semi-circular canal
pathology.
If all the normal-hearing children are assumed to have normal
semi-circular canal function, then any criteria met by these children
were due to insufficient mental alertness.

Inspection of Table 27

reveals that 29 (33%) of the controls met either one or two of the six
criteria.

No control child met more than two of the six criteria.

If both causes of meeting criteria are expected for the hearingimpaired children, then two distinct subgroups should emerge:

one

resembling the 29 controls who were not sufficiently alert and one
presenting with semi-circular canal pathology.
suggest the presence of these two subgroups.

The data in Table 28
The children with only

one or two criteria met (the last 11 subjects ip Table 28) were prob
ably not sufficiently alert throughout testing.

The first 10 children

in Table 28 who each met three or more of these criteria probably have
semi-circular canal pathology.

They also comprise the subgroup of 10

hearing-impaired children singled out on the basis of their absent or
diminished PRP nystagmus responses.

These same 10 children continue to

be suspect for semi-circular canal damage or deformation, regardless of
which set of criteria for responses to deceleration was examined.
In order to determine if the subgroup of 10 children with
suspected abnormal canal function, who represented 32% of the total
hearing-impaired group, was solely responsible for all the previously
observed differences in normal- and impaired-hearing children's PRP
nystagmus responses, least-squares analyses of variance for the three
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nystagmus variables at the four testing times were performed for all
children with presumed normal canal function.

To Increase power the

only classification variable used was hearing status.

(Sex was elimi

nated as a classifying variable since it was almost never significant
in earlier analyses.

Age was a frequently significant classifying

variable in earlier analyses, but a Kolmogorov-Smirnov test revealed
no significant difference between the two frequency distributions of
age for the controls and for the hearing-impaired children with pre
sumed normal canal function.)

As expected, no significant differences

existed between the two groups of children with presumed normal canal
function for either PRP nystagmus amplitude or SPV for any of the four
testing times.

Significant differences between the two groups for PRP

nystagmus frequency existed for the first trial only.

Frequency is one

of the nystagmus variables most vulnerable to fluctuations in mental
alertness, however, and differential levels of mental alertness were
anticipated due to minor procedural differences existing between the
testing of controls and hearing-impaired children.

See Appendix K for

the summary tables for these 12 least-squares analyses of variance.
PRP nystagmus frequency, amplitude, and SPV means for the con
trols and for the two subgroups of hearing-impaired children are pre
sented in Tables 29, 30, and 31, respectively,and are displayed
graphically in Figures 3, 4, and 5, respectively.

Inspection of these

tables and figures reveals that in every case, both groups of children
with presumed normal canal function had comparable nystagmus means
while means for the children with presumed abnormal canal function
were much lower.

PRP nystagmus frequency on the average was 75% lower
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Table 29
Mean Frequency of FRF Nystagmus in Beats/Sec as a Function
of Hearing and Semi-Circular Canal Status for
each Trial and Testing Time

Normal
Canal Status
Hearing-Normal Hearing-Impaired

Time
Trial 1

0 - 1 0 sec

Abnormal
Canal Status
Hearing-Impaired

2.27
n = 90

1.94
n a 22

.78
n = 10

1.52
n =* 90

1.38
n a 22

.40
n = 10

2.29
n = 87

2.23
n = 22

.37
n = 10

1.52
n o 87

1.40
n - 22

.27
n = 10

Trial 1

11 - 20 sec

Trial 2

0 - 1 0 sec
Trial 2

11 - 20 sec

Note:

The least-squares analyses for frequency for the two groups
with presumed normal canals included data for 2 4-year-old
controls and 3 4-year-old hearing-impaired children whose
frequencies were not included in the calculation of these
means (see Appendix K, Table 61). Only data for children
with calibrated records are summarized in this table.
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Table 30
Mean Amplitude of PRP Nystagmus in Degrees as a Function
of Hearing and Semi-Circular Canal Status for
each Trial and Testing Time

Time

Normal
Canal Status
Hearing-Normal Hearing-Impaired

Abnormal
Canal Status
Hearing-Impaired

Trial 1
0 - 1 0 sec

1 1 .03a
n e 90

10.74
n a 21

5.92
n = 10

Trial 1
11 - 20 sec

8.33
n = 90

7.65
n = 21

4.20
n = 10

Trial 2
0 - 1 0 sec

10.59
00
II
d

9.64
n = 21

4.91
n = 10

Trial 2
11 - 20 sec

7.88
n o 87

6.54
n = 21

3.17
n o 10

aAll amplitude means may be converted into radians by dividing
the tabled numbers by 57.3.

119

Table 31
Mean SPV of PRP Nystagmus in Degrees/Sec as a Function
of Hearing and Semi-Circular Canal Status for
each Trial and Testing Time

Time

Normal
Canal Status
Hearing-Normal Hearing-Impaired

Abnorma1
Canal Status
Hearing-Impaired

Trial 1
11 - 20 sec

30.47
n = 90

28.81
n o 21

16.89
n = 10

Trial 2
0 - 1 0 sec

45.89
n o 87

42.60
n = 21

20.24
n = 10

Trial 2
11 - 20 sec

28.88

26.12
n = 21

14.56

u

' 31.77
n = 10

o
t—i

46.37
n = 21

c

48.75a
n - 90

00
II
e

Trial 1
0 - 1 0 sec

aAll SPV means may be converted into radians/sec by dividing the
tables numbers by 57.3.
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q

■ ..q

Normal-hearing,
normal canals
n = 90, 87

beats/sec)

Impaired-hearing,
normal canals
n = 22

2

Frequency

of PRP

Nystagmus

(in

Impaired-hearing,
abnormal canals
n = 10

1

0-10 sec
11-20 se
Trial 1

Fig. 3

■10 sec 11-20 sec
Trial 2

Mean frequency of PRP nystagmus for both testing
times in both trials for the two groups of hearing’
impaired children and the controls.
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14

Normal-hearing
normal canals
Impaired-hearing,
normal canals
n = 21
Impaired-hearing,
Q
abnormal canals

10

Nystagmus

6

Mean

Amplitude

8

of PRP

(in

degrees)

12

4

m

m

2

0-10 sec
11-20 sec
Trial 1

Fig. 4.

0-10 sec
11-20 sec
Trial 2

Mean horizontal eyeball deflection during PRP
nystagmus for both testing times in both trials
for the two groups of hearing-impaired children
and the controls.
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Normal-hearing
normal canals
Impaired-hearing
normal canals
n o 21
Impaired-hearing
abnormal canals
n = 10

50

40

30

20

Mean

SPV

of PRP

Nystagmus

(in

degrees/sec)

60

10

0-10 sec
11-20 sec
Trial 1

Fig. 5.

0-10 sec
11-20 sec
Trial 2

Mean SPV of PRP nystagmus for both testing times
in both trials for the two groups of hearingimpaired children and the controls.
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for the 10 children with suspected abnormal canal function than for
the remaining two groups of children presumed to have normal canal
function.

PRP nystagmus amplitude averaged 50% smaller for the abnor

mal semi-circular canal group as compared to the other two groups.

The

group with suspected abnormal canals had 44% slower mean slow-phase eye
speeds for PRP nystagmus than did the other two groups of children.
With respect to canal status, the hearing-impaired children
appear to fall into two subgroups:

(a) those with canal function pre

sumed to be normal because their responses to deceleration are indis
tinguishable from those of normal-hearing children and (b) those with
canal function presumed to be abnormal because their responses to
deceleration were noticeably lower than those of normal-hearing chil
dren.

This subsequent analysis of the data suggests that all differ

ences in PRP nystagmus responses between the controls and the
hearing-impaired children were a result of the absent or extremely
diminished responses of that one-third of the hearing-impaired group
who have semi-circular canal pathology.

Parallel Swing Test Results
Neither measure of this test, compensatory eye movements or sen
sations of motion, separated the hearing-impaired into two groups— those
with and those without adequate otolithic function.

Nor did they

discriminate the hearing-impaired from the normal-hearing children.

All

10 children identified as probably having canal pathology by rotatory
testing had criterion-level compensatory eye movements in response to
swinging.
age.

Success or failure on this test was not related to sex or

Positive test results are not definitive since failure could be
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attributed to at least two causes:

impaired otolithic function or

insufficient level of mental alertness.

The data suggest the latter

for the children failing to meet criterion.

Compensatory Eye Movements in Response to the Parallel Swing
Compensatory eye movements in children as young as age 2 can be
elicited in response to swinging on a parallel swing.

The presence of

compensatory eye movements resulting from the vestibulo-ocular reflex
implies that a child has adequate otolithic function, which requires
only one intact otolithic end organ.

The criterion for the occurrence

of compensatory eye movements was met when the waveform produced on
the polygraph record by the conjugate eye movements was in synchrony
but 90° (1.57 rad) out of phase with the waveform produced by the
linear potentiometer on the parallel swing.

See Figure 6 for a seg

ment of the polygraph record for a normal-hearing 9-year-old female
illustrating compensatory eye movements which meet criterion.
Most children, regardless of hearing status or age, met
criterion on the parallel swing.

Of 93 normal-hearing children who

were successfully tested on the swing, 88 (95%) met criterion, while
only five (5%) failed to meet criterion.

Of the 35 hearing-impaired

children 33 (94%) met and two (6%) failed to meet criterion.

In most

cases criterion was met within the first 60 sec of swinging.

Contin

uing to swing for the full 300 sec before repeating with an augmenta
tion procedure was usually not productive.

Shortly after data

collection had begun, the procedure was modified to change the
children's body position on the swing after 60 sec if compensatory eye
movements had not yet occurred.

Another modification to the procedure

1 cm =2 sec
Figure 6.

A segment of the polygraph record during parallel swing testing for a normalhearing 9-year-old female (Subject #24). Top waveform is swing movement as
measured by the linear potentiometer. Bottom waveform is the record of
compensatory eye movements which meet criterion.
(Upward deflection
indicates eye or swing movement to the right.)
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was to have children ages 5 and younger, who were reluctant to swing
lying supine, to sit in the lap of a parent or sibling while swinging.
The only augmentation maneuver which actually enhanced chances
of eliciting compensatory eye movements was swinging with the child
sitting, straddling the swing, rather than lying supine.

Twenty-three

percent of the hearing-impaired and 14% of the normal-hearing children
made compensatory eye movements only after sitting up.

See Table 32

for the distribution of these children by hearing status, age, and
sex.

Gripping the hands together, the other augmentation maneuver,

had no noticeable effect on eye movements.
The children had to be engaged in a mental task difficult enough
to require several seconds to solve in order for compensatory eye
movements to occur.

The sooner after swinging began that an appro

priately difficult arithmetic problem (neither too easy nor too hard)
was given, the greater were chances of compensatory eye movements being
elicited.

Usually, subtraction for the younger children and division

for the older ones were superior to counting, addition, or multiplica
tion.

The preschool children were asked to count or to think about

their toys.
Failure to meet criterion was not related to hearing status,
sex, or age.

The seven children failing to meet criterion were 3, 4,

11, 12, 13, 14, and 15 years of age, respectively.
children were males:
were hearing-impaired;

the 3- and the 15-year old.
the 3- and the 12-year old.

Only two of these
Two of the seven
The six oldest

children had eye movements synchronous with the movement of the swing
but in the opposite direction from what criterion demanded.

Eye
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Table 32
Distribution of Children by Hearing Status, Age, and Sex
Who had to Sit on the Parallel Swing in
Order to Meet Criterion

Hearing-Impaired
n=36
Male
Female

Age

Normal-Hearing
n=89
Male
Female

2

1
1

3
3

4

1

5

1

6

2

7
1

8
9
10

1

3
1

11
12

1

1

13
2

14
1

15
16
Subtotal
Total

%
Not e ;

5

3

3

9

8

12

23

14

The six youngest children were tested only one way, sitting in a
parent or sibling's lap.
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movements such as these, together with the linear potentiometer, pro
duced sinusoidal waveforms on the polygraph record which were in phase
rather than 90° out of phase.

Eye movements of this type were also

found in records meeting criterion, but during periods when level of
mental alertness had dropped off--between problems, once the novelty
of swinging had worn off, or once weary of the tasks.

This

pattern of eye movements was also common when the children relaxed,
letting their heads and bodies roll back and forth in response to the
alternating resultant forces.

In fact, three of the six who failed

to meet criterion exhibited more head rolling than was usual.

These

similarities in the tracings of eye movements of the six children
failing to meet criterion and the tracings of the remaining children
during periods when they were not alert suggest that failure to elicit
compensatory eye movements in these children was probably due to insuf
ficient mental alertness while swinging rather than to any vestibular
end organ deficits.
The 3-year-old hearing-impaired male who failed to meet criterion
exhibited an excessive amount of head and body movement and frequent
peeping.

His polygraph record contains many large-amplitude eye deflec

tions and movement artifacts which completely masked any compensatory
eye movements if they were present.
Failure to meet criterion on the parallel swing implies either
that all the conditions for elicitation of compensatory eye movements
were not met, i.e., sufficient alertness, minimal facial, head and
body movements, or that there is bilateral damage to the otolithic end
organs.

Tracings of the seven children failing to meet criterion
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suggest the former.

Sensations Reported in Response to the Parallel Swing
It was much easier to elicit compensatory eye movements in
hearing-impaired and younger normal-hearing children than to obtain
their reports of sensations of movement while swinging.

Sixteen (46%)

of the 35 hearing-impaired children and 13 (14%) of the 93 normalhearing children tested on the parallel swing could not describe their
sensations of movement while swinging due to age, communication diffi
culties, or both.

Table 33 gives the frequency of reported sensations

by hearing status and age for the children who were able to indicate
their sensations of movement while swinging.
Based on the alternating resultant forces of gravity and linear
motion on the body while swinging, the predicted response from children
with adequately functioning otolithic systems when asked for their
sensations of motion would be the somatogravic illusion:
they were rolling from side to side (see Figure 1).

feeling as if

Since 121 of 128

children tested had at least one functioning otolithic end organ,
based on the presence of compensatory eye movements arising from the
vestibulo-ocular reflex in response to swinging, they would be ex
pected to give this predicted response for their sensation of swing
motion.

However, only 11% of the control children and 8% of the

hearing-impaired children reported this sensation.

Most of the children,

regardless of hearing status or age, reported feeling as if they were
rocking, describing a U-shaped motion with their hands (60% of the
normal-hearing, 68% of the hearing-impaired).

Thirty-one percent of

the normal-hearing and 21% of the hearing-impaired children reported

Table 33
The Frequency of Different Sensations Reported by 19
Hearing-Impaired and 80 Normal-Hearing Children
in Response to the Parallel Swing according
to Age and Hearing Status

Rolling from
side to side

Rocking
Age

HearingImpaired

Hearing
Normal

HearingImpaired

Hearing
Normal

Moving in
straight line
HearingImpaired

Not moving

Hearing
Normal

HearingImpaired

Hearing
Normal

~

5
6
7
8
9

10
11

1
2

1
1
1

2
2

2
1
2

3
4

6

12
13
14
15
16

3
3

n

13

48

%

68

60

1

3

2

4

2

1

4
9
4
5
7

1

2

2

2

3

1

1
2
2

25

11

8

21

31

<1
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feeling as If they moved In a straight line while swinging, indicating
this sensation with a side-to-side motion of the hand.

One control

child, a 7-year-old male, reported that he felt as if he was not moving
at all, despite the fact that he clutched the swing tightly when swing
displacement was greatest as if he anticipated falling off.

There was

no clear relationship between children's reported sensation of move
ment and either sex or hearing status.

None of the children reported

experiencing any unpleasant visceral sensations accompanying their
sensations of movement.
Results of five Kolmogorov-Smirnov tests comparing the five
frequency distributions for individual movement sensation categories
which contain four or more children (two for hearing-impaired; three
for controls) in Table 33 with one of the two frequency distributions
of children reporting a sensation of movement of any kind (hearingimpaired or control) indicate that reported sensation of movement was
not related to age for any of the children regardless of hearing
status.
About a third of the children had the opportunity to observe
another child being tested before being tested themselves.

These chil

dren's sensation reports could have been influenced by those of the
preceding child, although there were usually 1800 to 2400 sec between
hearing another child's reported sensations and reporting one's own.
The time in between was spent visiting the animal laboratories on the
same floor of the building and in testing.

Preferences for One of the Two Vestibular Tests

When a preference was expressed, the swing was chosen slightly
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more often (467.) than the chair (39%).
a preference.

Only 15% of the children denied

Children's preferences for one of the two vestibular

tests, if either, were not related to hearing status, sex, or PRP
nystagmus responses.

See Table 34 for the distribution of preferences

among the children according to hearing status, age, and sex.

Results

of six Kolmogorov*Smirnov tests comparing the six frequency distribu
tions in Table 34 with the frequency distribution for age for either
the impaired- or the normal-hearing children

expressing

one of the

three choices indicated that preference or lack of preference for a
particular test was not related to age for either the hearingimpaired or the normal-hearing children.

Children reporting the more unpleasant visceral reactions to
the rotatory test were expected to be the least likely to express a
preference for that test.
out.

However, this relationship was not borne

Children whose appearance and behavior immediately following

rotatory testing were most altered did usually prefer the parallel
swing, but the visceral reactions which they reported in response to
the rotatory test ran the gamut.

Other children whose appearance and

behavior remained the same throughout rotatory testing described some
of the most unpleasant sensations in response to deceleration.
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Table 34
Preferences of 28 Hearing-Impaired and 87 Normal-Hearing Children for
Two Test Procedures according to Age, Hearing Status, and Sex

Age

Number Preferring
Rotating Chair

Number Preferring
Parallel Swing

Number with No
Preference

HearingImpaired

HearingImpaired

HearingImpaired

Hearing
Normal

Hearing
Normal

1

3
4

Hearing
Normal

1

1 (1)

5

1

2 (2 )

6

1 (1)

3(1)

1 (1)

1

1

7

3(1)

2 (2 )

3(1)

1

8

4(2)

1 (1)
7(4)

1 (1)

1 (1)
1

2 (1)

9

2 (1)

3

10

1 (1)

2 (1)

1 (1)

5(4)

Kl)

11

1

7(3)

1

6(3)

1 (1)

12

2

4(3)

3(3)

13

1 (1)

3(2)

2

14

2

15

1

2 (2 )

2 (1)

2

7(3)

Kl)

5(4)

1

3(1)

1 (1)

1 (1)

2 (1)

16

n

10

35

13

40

5

12

%

36

40

46

46

18

14

Note:

Numbers in parentheses represent number of females.

DISCUSSION

This study -epresents the first known attempt to (a) identify
peripheral vestibular pathology in a group of hearing-impaired children
by comparing their responses on two vestibular tests to those of normalhearing children of comparable age and (b) classify this pathology as of
either semi-circular canal or otolithic origin or both.

This was accom

plished with good success in children 6 through 16 years old and with
fair success in children 4 and 5 years old.
Results of this research indicate that it is indeed feasible to
identify both semi-circular canal and otolithic dysfunction with minimal
anxiety and discomfort in children as young as 4 years of age using a
modified Barany chair and a parallel swing with ENG and telemetry.

Eye

movement measures in response to these two tests appear to be more useful
in discriminating below normal and normal vestibular function than are
sensation reports.

Two different methods for classifying vestibulo-

ocular reflexes in response to the rotatory test can be used— one
dependent upon accurate calibration of eye movements, the other indepen
dent of calibration accuracy.

The latter method shows promise for

testing very young and severely handicapped children.
Of 31 hearing-impaired children given the two vestibular tests
one-third of them (n=10) were identified as probably having peripheral
vestibular deficits.

During rotatory testing these 10 hearing-impaired

children had consistently diminished nystagmic responses as compared to
the controls and denied any aftersensations or visceral reactions, all
suggestive of bilateral semi-circular canal pathology.
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However, all 10
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had criterion-level compensatory eye movements suggestive of normal oto
lithic function.

These results suggest that the cause, whether develop

mental or noxious, of the deformity of the auditory labyrinths for these

10 children may have also been the cause for the suspected deformity in
their nonauditory labyrinths, specifically in their semi-circular canals.
Sample size was too small to draw any conclusions regarding relationships
between canal pathology and level of severity, age of onset, or etiology
of hearing impairment.
Responses to the rotatory test for semi-circular canal function
were examined using two different methods for separating responses as
normal or below normal.

The first method involved comparing postrota

tory primary (PRP) nystagmic frequency, amplitude, and SPV during the
first and second 10 sec f'ollowing deceleration to these nystagmic
responses in.normal-hearing children with presumed normal semi-circular
canal function.
this method.

Accurate calibration of eye movements was essential to

For the subject, however,

calibration was the most

demanding part of the entire testing procedure.
The second method proposed for separating normal and below normal
nystagmic responses employed four nystagmus measures which did not
require accurate calibration and two measures of reported sensation.
Communication difficulties due to age or severity of hearing impairment
prevented some children, both impaireding their sensations,

and normal-hearing, from report

but the sensation measures could have been elimi

nated from this method with no subsequent effect on the dichotomization
of the hearing-impaired children based on canal status (Tables 27 and 28).
The remaining two-thirds of the hearing-impaired children (n=21)
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tested had vestibulo-ocular reflexes and reports of aftersensations and
of visceral reactions In response to both vestibular tests comparable to
those of normal-hearing children their age.

This finding suggests that

any Inner ear Insult or deformity suffered by these children was con
fined to the auditory portion of the labyrinth.

Among these 21 hearing-

impaired children and the 90 normal-hearing children significant
age-related changes existed for most nystagmus parameters in response
to cessation of rotation, although none existed for compensatory eye
movements in response to horizontal swinging.

A few minor developmental

changes occurred in sensation reports to the rotatory test only.

For

these children who were presumed to have both normal semi-circular canal
and normal otolithic function, gender had no significant effect on either
eye movement measures or on any of the reported sensations to either
vestibular tes t .

Rotating Chair Test

Postrotatorv primary nystagmus parameters.

In Table 35 are means

for primary postacceleration nystagmus parameters reported in the only two
normative studies (published in English) of rotatorily-induced nystagmus
within childhood (Tibbling, 1969; Ornitz

et a l ., 1979) and comparable

means for the control children in this study. Nystagmic frequency in
all three studies increased up to about age 9, then levelled off.
changes were not always significant, however.

These

They were not significant

in this study.

Significant linear decreases with increasing age for amplitude of
the slow phase component of nystagmus and for slow phase eye velocity

Table 35
Comparison of Primary Postacceleration Nystagmus Parameters from Three Different Studies
Using a Rotatory Test and ENG with Normal Children

Eye & Head
Position

Age Levels
Eyes open
3-12 mos.
in darkness;
n =10
head tilted 1 - 3
n =10
30°
4 - 6
n=13
7 - 9
n=16
10 - 15
n=23
1-14 m o s .
Ornitz et al.,1979 Eyes open
n=23
Stimulus:angular
in darkness;
3-11
acceleration of
head erect
n=23
10°/sec?for 18 sec
followed by con
stant velocity of
180°/sec for 200 sec
Eyes closed 4 - 8
This Study
n=26
behind
Stimulus:angular
deceleration sleepmask in 9 - 1 2
abrupt stop of
semi-darkness; n=38
head erect
13- ^
about 300°/sec2

Study
Tibbling, 1969
Stimulus:angular
acceleration of
120°/sec/ 1.8 sec
followed by
60 sec of constant
velocity

Mean Frequency
in beats/sec
0-10 sec
11-20 sec
1.5
1.0

Mean Amplitude
in degrees^
0-10 sec
11-20 sec
44.5b
34.5C

Mean SPV in
degrees/sec^
0-10 sec
11-20 sec
113.5°
34.0C

2.0

1.4

29.0

23.0

90.5

39.5

2.1

1.5

29.5

26.0

84.0

41.5

2.5

1.7

23.5

19.0

69.0

33.0

2.3

1.5

16.5

15.0

58.5

25.5

1 .03

25.8

4'o.6

1.1

19.8

33.6

2.0

1.4

12.7

9.8

52.2

34.4

2.4

1.6

10.2

7.9

45.9

29.1

2.3

1.6

9.7

6.8

44.6

25.8

aAll means for this study were calculated for the entire duration of primary nystagmus;mean duration was
9.0 sec for infants and 12.9 sec for children.
“Amplitude and SPV 2 and 4 sec postacceleration were averaged to obtain means in this column for this study.
^Amplitude and SPV 10 and 18 sec postacceleration were averaged to obtain means in this column for this study,
^Degrees may be converted to radians by dividing the tabled numbers by 57.3.
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Itself was found In all three studies.

Van der Laan and Oosterveld

(1974) found the same significant linear relationship with age for these
two nystagmus variables in healthy subjects from 1 to 81 years old who
were tested on a torsion swing which provided sinusoidally-delivered
angular accelerations.

Michishita (1967) reported a decrease in maximum

SPV with increasing age in response to Barany testing and to cupulometry
in his 6 - to 15-year-old normal subjects.

Mulch and Petermann (1979)

reviewed five foreign studies of nystagmus in response to rotatory
stimuli.

In all five, amplitude and SPV decreased with increasing age.

According to Mulch and Petermann (1979) the same trend appears to hold
true for caloric nystagmus in normal children.

However, published

reports of caloric testing of normal children under 10 years of age are
rare, and results are suspect for methodological reasons as well as for
being contradictory.
So far results of all rotatory studies of normal children suggest
these linear trends for amplitude and SPV of primary nystagmus despite
differences in stimulus magnitude and duration, in children's ages, in
type of nystagmus measured (per- or postrotatory), in head position
during testing, and regardless of whether subjects were in the dark with
eyes open or in semi-darkness with a sleep mask over closed eyes.
Although SPV of primary nystagmus is the best measure of periph
eral semi-circular canal activity because it varies directly with
stimulus magnitude and is less sensitive to variations in level of
alertness (Tibbling, 1969; Ornitz

et al., 1979), the developmental

changes occurring in all of the nystagmus parameters in Table 35 are a
result of the ongoing modifying influence of the CNS.

These
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developmental changes are centrally evoked because the vestibular end
organs are anatomically mature and functional even before birth, and the
vestibular tract is completely myelinated by the 16th week of gestation
(Hamilton & Mossman, 1972).

As a result of the precocious maturity of

the labyrinth and its intimate relationship with other sensory systens,
Eviatar, Miranda, Eviatar, Freeman, and Borkowski (1979) hypothesized
that vestibular responses would be sensitive indicators of CNS maturity.
Other researchers (Depons, 1966; Conraux & Collard, 1970; Bhatara

et

al., 1978) have concluded that with increasing age nystagmus parameters
reflect increasing control of vestibular pathways by central influences
and physiological maturation in general.

Secondary nystagmus.

Ornitz

et al.

(1979) have been the only

researchers to date to publish results of systematic investigation of
secondary nystagmus in children.

Apparently, all 46 of their subjects

exhibited secondary perrotatory postacceleration nystagmus.

(It appears

that trials in which secondary nystagmus did not occur were eliminated
as unsuccessful.)

In the present study secondary nystagmus occurred in

response to both the initial acceleration and to the final deceleration
but not with the regularity found in the Ornitz

et al. (1979) study.

Control children had perrotatory secondary nystagmus 81% of the time and
postrotatory secondary nystagmus 60% of the time.
About the same amount of time elapsed between the initiation of
acceleration or deceleration and the start of secondary nystagmus for
the 3- to 11-year-old children in the Ornitz

et al. (1979) study and

for the 4- to 12-year-old control children in the present study; means
were 48.5 sec and 44.5 sec, respectively.
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Secondary nystagmus is not generated by any external angular
aeceleratory stimulus, so it must be a product of an internal stimulus-a "memory" (Ornitz

et al., 1979) or a "pattem-copy" (Jongkees, 1974) of

the preceding aeceleratory stimulus.

The damped torsion pendulum model

of cupular mechanics is inadequate in explaining secondary nystagmus
unless it is amended to take vestibular adaptation into account (Young &
Oman, 1969; Malcolm & Melvi11-Jones, 1970).

According to Ornitz

et al.

(1979) SPV of secondary nystagmus is the best measure of vestibular
adaptation,the modulation of vestibular responsiveness.
Ornitz

etal.

(Although

(1979) referred to vestibular responsiveness and adapta

tion, semi-circular canal responsiveness and adaptation would be more,
accurate terms.)

SPV of secondary nystagmus was not a dependent measure

in the present study.

Perhaps in future studies of this nature it

should be.

Aftersensations in response to deceleration.

None of the rota

tory studies with children have included investigation of children's
reports of sensations of movement following the aeceleratory stimulus.
The somatogyral illusion in adults with normal canal function has been
well documented and is widely accepted (Geldard, 1972).

In this study

the majority of children in both groups reported the somatogyral illu
sion (88% of the controls; 74% of the hearing-impaired).

Like primary

nystagmus, this misperception of rotating in the direction opposite that
of rotation while one is actually motionless, can be explained in terms
of the physical mechanics of the cupula-endolymph system described by
the damped torsion pendulum theory (Guedry, 1974).
✓

In adults, when the deceleration rate is impulsive enough, a
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secondary aftersensation of rotating In the direction of rotation fol
lows the somatogyral Illusion (Jongkees, 1974).

About 29% of the

control children In this study reported a secondary aftersensation.
Hearing-impaired children almost never reported secondary aftersensa
tions.

This illusory aftersensation cannot be explained by the damped

torsion pendulum theory unless amended to take into consideration canal
adaptation or the influence of CNS modulation.
The only significant age differences in the type of sensations of
movement the children in either group reported were:

younger children

in both groups were more likely to report sensations of movement in an
undetermined direction and were more likely to experience Coriolis reac
tions because they moved their heads more often during testing.
Major differences with respect to auditory status were that
hearing-impaired children who could report their sensations were muchless likely than controls to report secondary aftersensations and more
likely to deny having sensations of movement.

When the responses of the

10 hearing-impaired children with presumed canal pathology were elimi
nated, the remaining hearing-impaired children's reported sensations of
movement were comparable to those of the control group.
For all children with presumed normal canal status secondary
nystagmus was much more likely to be elicited than reports of secondary
aftersensations.

Visceral side effects in response to deceleration,

Adults experi

ence unpleasant autonomically-induced side effects, chiefly nausea and
dizziness, in response to a deceleration rate which is sufficient to
induce secondary aftersensations (Jongkees, 1974).

Ayres (1975),
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Steinberg

et al. (1976), and Royeen (1980) who spun normal children

between 5 and 9 years old on a small square board on casters all re
ported that following an Impulsive stop, dizziness was commonplace and
transient nausea was not unusual but that most children found the
visceral side effects pleasurable and wanted to play with the apparatus
after testing was completed.

None of the other investigators of the

effects of rotatory stimulation on children's vestibulo-ocular reflexes
have commented on the presence or absence of visceral reactions.

Chil

dren in the present study reported visceral side effects on a majority
of trials (70% for controls; 82% for hearing-impaired).

Side effects

reported by both groups were similar in kind and in frequency.
Although most of the visceral reactions reported would be consid
ered unpleasant by adults, they did not appear to be unpleasant for
these children.

Children in the younger two age levels in particular

seemed to enjoy these reactions.

Most of the children were eager to

begin the second trial, many requesting that the chair be made to go
faster than 150°/sec.

Parallel Swing Test

Compensatory eye movements.

Jongkees (1974) made reference to a

study of his own and one by Walsh (1966) in which deaf children with
bilaterally nonfunctional labyrinths had high thresholds for perception
of linear motion but absence of compensatory eye movements in parallel
swing testing.

With the exception of these two foreign studies the

present study is the only one attempting to investigate otolithic func
tion, per se, in either normal- or impaired-hearing children despite the
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fact that researchers and clinicians repeatedly have emphasized the need
for complete vestibular examination (Miller, 1964; Mathog & Cramer,
1971; Barber & Morrison, 1973; Guedry, 1974; Rapin, 1974; Jongkees,
1975; Erway, 1975; Eviatar & Eviatar, 1978).
Assuming that compensatory eye movements are an accurate reflec
tion of otolithic status and that extravestibular cues played a rela
tively minor role in their elicitation, the occurrence of compensatory
.eye movements in 121 of the 128 children tested on the parallel swing
in this study indicated for these 121 the presence of at least one pair
of intact otolithic end organs.

Failure to have criterion-level com

pensatory eye movements by the remaining seven children was probably
due to insufficient level of mental alertness and to excessive head and
body movements while swinging which caused artifacts on their polygraph
records obscuring any compensatory eye movements which may have occurred.
No relationship between age, sex, auditory or semi-circular canal
status and meeting criterion for compensatory eye movements existed.
All 10 children with presumed abnormal canal function based on rotatory
testing met criterion on the swing, suggesting either that the otolithic
organs are more resistant than the semi-circular canals to insult or
deformity or that the swing test is insensitive to otolithic pathology,
measuring instead extravestibular responses.

Vestibulo-collic reflexes

are known to augment vestibular-ocular reflexes (Guedry & Correia, 1978).
In fact, torsion of the neck will elicit nystagmus in adults with bi
lateral absence of canal function (Jongkees, 1974).

Since none of the

children's heads were fixed during swinging, it is possible that neck
torsion played

a significant role in elicitation of compensatory eye
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movements in this study.
McCabe (1976) complained that the parallel swing test, like other
experimental otolithic tests, is quite crude; only bilateral pathology
is detectable and positive results offer no help in localizing a deficit.
No standard clinical otolithic test exists to verify parallel swing
results.

The paucity of knowledge regarding otolithic neuroanatomy

and physiology would even make autopsy evidence of pathology suspect.
The only currently available method for detecting otolithic dysfunction
without sophisticated and expensive equipment is with a test of vestibulo
spinal reflexes such as rail walking or an ataxia battery.

Successful

performance on one of these tests involves most sensory systems and the
motor system (Roberts, 1967).

Although vestibulo-spinal reflexes are

well defined, they are difficult to record due to the synergistic nature
by which vestibular and extravestibular sensory input initiate motor
action (Peitersen, 1974).

Sensations of movement.

According to Guedry (1974) studies of

normal adults exposed to oscillating linear accelerations show that as
stimulus magnitude increases, sensations of motion occur, followed by
sensations of linear velocity, and finally, once acceleration reaches
12 to 15 cra/sec^, by the somatogravic illusion— sensations of tilt.
Due strictly to extraotolithic cues, deaf children with bilaterally
nonfunctioning otolithic end organs perceived linear displacement in
response to parallel swing testing (threshold of 20 cm/sec^) although
they had no compensatory eye movements

(Jongkees, 1974).

Since the maximum linear acceleration in the present study was
2.39 m/sec^, based on Jongkees 1 (1974) results, sensations of linear
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motion were expected In all 99 children reporting sensations regardless
of otolithic status.

Children with at least one set of Intact otolithic

organs, presumably all 99, were expected to report sensations of tilt.
All but one child reported perceiving motion of some kind.

The

behavior of the 7-year-old control male who reported feeling motionless
contradicted his sensation report.

Of the 98 children perceiving motion,

29 (30%) perceived linear velocity and 69 (70%) perceived tilt.

Of the

69 perceiving tilt, only eight had the typical somatogravic illusion,
which is predicted by the influence of the alternating forces on the
utricles and saccules, that of the leading side of the body tilting
toward the floor with maximum swing displacement.

The majority had the

opposite misperception, that the leading side of the body was tilting
away from the floor^which cannot be explained by macular mechanics.
Sensation reports, like compensatory eye movements, were not
related to auditory or canal status or to gender.
These results suggest that published sensation thresholds for
adults during parallel swing testing are inappropriate for children and
that reported sensation of movement is a poor index of pediatric
otolithic status.

Hearing- and vestibular-impaired children.

The vestibular system

must be viewed as a unit producing a wide array of response possibili
ties.

Because of this, a single response to a single test should not be

studied in isolation, instead the responses to several tests should
supplement each other (Peitersen, 1974).

Although other studies of

hearing-impaired children have measured canal function using more than
one canal test (Arnvig, 1955; Everberg, 1960; Hosokawa, 1966), I am aware
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of only one study which employed both canal and otolithic tests for mea
suring vestibular responsiveness in hearing-impaired children.

Holder-

baum, Ritz, Hassanein, and Goetzinger (1979) gave (a) Fregly and
Graybeil's Floor Ataxia Battery (1966) and (b) the Heath Railwalking
Test to 31 deaf children (mean age of 13) at the Kansas School for the
Deaf whom they had divided into normal and abnormal vestibular subgroups
based on their responses to cool caloric testing with Frenzel's glasses.
On all measures children with normal caloric responses had higher
means; differences on the Floor Ataxia Battery measures were significant,
but differences for the railwalking means were not.

The children in

this study who were presumed to have semi-circular canal pathology are
also suspected of having otolithic pathology although the authors never
mentioned the otolithic organs.

Unfortunately, how either of their two

groups' responses compared to those of normal-hearing children was not
mentioned even though one of the authors had previously published norms
for auditorily and orthopedically normal children on the Floor Ataxia
Battery (Cunningham & Goetzinger, 1972).
Based on their responses on four primary and three secondary
nystagmus measures and two aftersensation measures of a canal test and
on eye movement and sensation measures of an otolithic, 10 of 31 hearingimpaired children in the present study are presumed to have bilateral
canal pathology but to have at least one intact pair of otolithic end
organs.

According to Miller (1964) and Jongkees (1964) it is not unusual

to have pathology in one vestibular end organ in the absence of pathology
in the other.
Depressed and absent semi-circular canal reactions are not evenly
distributed among the hearing-impaired.

In a rotatory and two caloric
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studies with hearing-impaired children canal pathology was associated
more often with the more severe hearing losses (Hosokawa, 1966; Rosenblut
et al., 1960; Swisher & Gannon, 1968).

Canal pathology appears to occur

more often with auditory impairments of some etiologies than with others
(Konigsmark, 1971; Diepeveen & James, 1968).

Depressed and absent canal

function is also more common in cases with postnatal, especially postinfectious, onsets than in cases with pre-or perinatal onsets of hearing
impairment (Arnvig, 1955; Goldstein

et al., 1958; Rosenblut

et al.,

1960; Sandberg & Terkildsen, 1955).

In this study parents of the 10

children suspected of having canal deficits have reported that their
children's profound, acquired hearing losses resulted from postinfectious
processes.

However, sample size was too small to draw any conclusions

regarding relationships between level of severity, age of onset, or
etiology of hearing impairment and semi-circular canal pathology.
The remaining 21 hearing-impaired children exhibited normal
vestibular responsiveness.

They all gave vestibulo-ocular and sensation

responses comparable to those of the normal-hearing controls their age.
Several equilibrium studies in hearing-impaired children have
found equilibrium reactions in these children deficient compared to
normal-hearing children (James, 1882; Morsh, 1936; Myklebust, 1954; Boyd,
1965; Beritoff, 1965; Geddes, 1978), and the vestibular system was impli
cated by most of the researchers as the cause.

However, the motor

behavior during the hour of testing of the 10 hearing-impaired children
with presumed canal pathology in this study was indistinguishable from
that of all other children tested.

In fact, only 2 of the 143 children

with whom testing was attempted displayed obvious motor deficits; these
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two, 2- and 3-year-old profoundly deaf siblings, were too young to be
tested successfully.
The remarkable ability of other senses to compensate for vestibu
lar deficits, under familiar circumstances given adequate visual cues,
minimizes actual motor deficits for vestibular-defective people.

There

fore, it is not surprising that none was observed during testing for the
10 children with presumed canal pathology.

Only in unfamiliar circum

stances when other sensory cues, especially visual ones, are diminished
or absent, do motor deficits appear for them, and, therefore, become a
threat to their equilibrium.

Daubs (1974) has commented on the subtle

nature of these deficits when they do appear describing vestibulardefective people as being rigidly stable when eyes are closed on static
ataxia battery measures and as giving erratic performances on dynamic
ataxia battery measures as compared to normals.

Vestibular-defective

people often have difficulty finding the water's surface while under
water.

In the dark, their gaits become slower, wider-based, and clumsier

than would be expected normally.

With fatigue, illness, anxiety, fear,

frustration, or distraction, their motor deficits become more pronounced.
Because of the ability of the remaining intact sensory systems to
compensate for vestibular losses to such a large extent, vestibular
dysfunction in children receives relatively little medical or other pro
fessional attention unless adult symptoms of vestibular pathology occur.
Otolaryngologists rarely see children with these symptoms.

When they do,

the diagnosis is usually a life threatening one--neoplasm, brainstem
encephalitis, multiple sclerosis, or labyrinthitis (Curless, 1980).
The more common pediatric symptom, clumsiness or frequent loss of
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postural control, does not merit medical attention.

The current consen

sus of medical opinion regarding this type of vestibular dysfunction,
if it is indeed recognized as being of vestibular origin, is that the
child will just have to learn to live with it.
There are several compelling reasons why children who are high
risk for having vestibular pathology, and all hearing-impaired children
are, should be tested at as early an age as possible even though medical
management may not be warranted,

(a) The most important- reason is to

make them, their parents, and their teachers aware that certain situa
tions and environments in which loss of balance could be a health
hazard should be avoided (Brown & Deffenbacher, 1979).

This has impli

cations for the child's educational, habilitational,recreational and
vocational activities and plans,

(b) Rapin (1974) has warned of the

possibility of young congenitally deaf children with pediatric vestibu
lar symptoms being misdiagnosed as mentally retarded,

(c) Others

(Hubbard, 1971; Prescott, 1975; Erway, 1975) have hypothesized the
importance of adequate vestibular function for normal emotional and
cognitive development.

Investigations of vestibular responsiveness in

autistic, but not hearing-impaired, children have made for this purpose,
(d) Knowledge of vestibular status is helpful in differential diagnosis
of the auditory impairment (Konigsmark, 1971).

(e) Holderbaum

et al.

(1979) have emphasized that determination of vestibular status may give
evidence of eighth nerve function in hearing-impaired children which has
implications for the development of voice quality and speech in the
hearing-impaired,

(f) In the field of occupational therapy the belief

that vestibular dysfunction is associated with learning disabilities is
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gaining vide acceptance (Weeks, 1979).

Maybe the academic difficulties

common to hearing-impaired children are not all a result of their
auditory handicap.

This intriguing notion needs to be explored,

(g)

Vestibular status and motor behavior of hearing-impaired children who
wear protheses should be checked regularly to insure that the hearing
aid itself is not producing unnecessary vestibular stimulation (Rahko &
Aantaa, 1977).

(h) Finally, pediatric vestibular function testing may

prove useful in all children as a sensitive index of overall CNS
maturity (Eviatar

et al., 1979).

The very nature of the intimate anatomical relationship between
the utricles, saccules, and semi-circular canals, their shared neural
pathways, together with their unconscious operation and pervasive
generalized effect throughout the entire body, make it difficult to
isolate them fcr study in adults.
and children.
but simple.

The task is even harder in infants

Canal and otolithic testing in young children is anything
Although the presently available tests may be sufficient to

determine absence or presence of vestibular function, they are insuffi
cient to determine whether these responses are functionally efficient
within the range of movements involved in everyday life.

Within this

range, unrecognized difficulties in vestibulo-ocular control could lead
to inappropriate remedial action and to frustration of both parents and
child (Guedry & Correia, 1978).

The need for more research into pediatric

vestibular function and its implications for normal growth and development
is pressing.

151

Reference Note

1. Soileau, J.S.

Personal communication, October, 1979.

REFERENCES
Anson, B.J., Harper, D.G., & Winch, T.R. Developmental and adult
anatomy of the membranous labyrinth in man. In R. Wolfson (Ed.),
The vestibular system and its diseases. Philadelphia; Univers
ity of Pennsylvania Press, 1964.
Arnvig, J. Vestibular function in deafness and severe hardness of
hearing. Acta Oto-Laryngologica. 1955, 45, 283-288.
••

Aust, G., Claussen, C.F., and Von LUhman, M.

Uber die gleichgewichtsfunktionsdiagnostikbe: gehorgeschh’digten kindern. Monatsschrift
fhur kinder Heilkinde. 1974, 122. 637-639.

Ayres, A.J. Southern California postrotarv nystagmus test manual.
Angeles, California; Western Psychological Services, 1975.

Los

Ayres, A.J., & Heskett, W.M.
Sensory integrative dysfunction in a
young schizophrenic girl. Journal of Autism and Childhood Schizo
phrenia . 1972, 2, 174-181.
Barber, H.O., & Morrison, M.D. Clinical manifestations of otolith
dysfunction. Advances in Oto-Rhino-Larnygology. 1973, 2 0 .
396-404.

Barr, B., & LundstrSm, R. Deafness following maternal rubella.
Oto-Laryngologica. 1961, 53, 413-423.

Acta

Beritoff, J.S. Neural mechanisms of higher vertebrate behavior. (W.T.
Liberson, Ed. and Trans.). London; J. & A. Churchill, Ltd.,
1965.
Bhatara, V., Clark, D.L., & Arnold, L.E. Behavioral and nystagmus
response of a hyperkinetic child to vestibular stimulation. The
American Journal of Occupational Therapy. 1978, 32_, 311-316.
Black, F.O. Present vestibular status of subjects implanted with
auditory prostheses, Annals of Otology. Rhinology. and Laryn
gology. 1977, 86 , 49-56.
Black, F.O.

Effects of the auditory prosthesis on postural stability,
Annals of Otology. Rhinology. and Laryngology. 1977, 86 , 141-164.

Boyd, J. Comparison of motor behavior in deaf and hearing boys.
American Annals of the Deaf. 1967, 112. 598-605.
Brown, E.L., 6t Deffenbacher, K. Perception and the senses.
Oxford University Press, 1979.
Bruner, A., & Norris, T.W.

New York;

Age-related changes in caloric nystagmus.
Acta Oto-Laryngologica Supplement. 1971, 2 8 2 .

153

Buizza, A., Leger, A., Berthoz, A., & Schmid, R. Otolithic-acoustic
interaction in the control of eye movement. Experimental Brain
Research. 1979, 36, 509-522.
Carruthers, D. 6 . Congenital deaf-mutism as a sequela of a rubella-like
maternal infection during pregnancy. The Medical Journal of
Australia. 1945, 32, 315-320.
Clark,

B., & Stewart, J.D. Magnitude estimates of rotational velocity
during and following prolonged increasing, constant, and zero
angular acceleration. Journal of Experimental Psychology. 1968,
78, 329-339.

Clark, D.L., Kreutzberg, J.R., & Chee, F.K.W. Vestibular stimulation
influence on motor development in infants. Science. 1977, 196.
1228-1229.
Collins, W.E. Arousal and vestibular habituation. In Kornhuber, H.H.
(Ed.), Vestibular system, part 2: Psychophysics, applied aspects
and general interpretations. In Autrum, H., Jung, R., Loewenstein, W.R., MacKay, D.M., & Teuber, H.L. (Eds.). Handbook of
sensory physiology (Vol. 6 ). New York: Springer-Verlag, 1974.
Conraux, C., & Collard, M. L' 6 lectronystagmographie chez 1 'enfant.
Acta Oto-Rhino-Laryngologica (Belgium), 1970, 24, 363-369.

(Mulch, G., & Petermann, W. Influence of age on results of
vestibular function tests. Annals of Otology. Rhinology. and
Laryngology Supplement . 1979, 88 .)
Cunningham, D.R., & Goetzinger, C.P. Floor ataxia test battery:
Results from an 8 to 18 year-old group. Archives of Otolaryn
gology. 1972, 96, 559-564.
Curless, R.G. Acute vestibular dysfunction in childhood.
1980, 6 , 39-44.

Daubs,

Child's Brain.

J.G. Vision/non-vision ataxia test battery. American Journal
of Optometry and Physiological Optics. 1974, 51,, 400-405.

Davey, P.A. Observations of equilibrium in deaf children, Journal of
Laryngology and Otology. 1954, 68,, 329-331.
Depons, J.-L. A propos de 1 'electronystagmographie chez 1 'enfant.
view of Laryngology and Otological Laryngology. 1966, 8 7 .
985-991.
(Mulch, G., & Petermann, W. Influence of age on

Re

results of vestibular function tests. Annals of Otology.
Rhinology. and Laryngology Supplement . 1979, 88 .)
Diepeveen, J.E., and Jensen, J. Differential caloric reactions in deaf
children. Acta Oto-Laryngologica. 1968, 65,, 570-574.

153

Buizza, A., Leger, A., Berthoz, A., & Schmid, R.

interaction in the control of eye movement.
Research. 1979, 36, 509-522.

Otolithic-acoustic

Experimental Brain

Carruthers, D.G. Congenital deaf-mutism as a sequela of a rubella-like
maternal infection during pregnancy. The Medical Journal of
Australia. 1945, 32., 315-320.
Clark,

B., & Stewart, J.D. Magnitude estimates of rotational velocity
during and following prolonged increasing, constant, and zero
angular acceleration. Journal of Experimental Psychology. 1968,
78, 329-339.

Clark, D.L., Kreutzberg, J.R., & Chee, F.K.W. Vestibular stimulation
influence on motor development in infants. Science, 1977, 196.
1228-1229.
Collins, W.E. Arousal and vestibular habituation. In Kornhuber, H.H.
(Ed.), Vestibular system, part 2.: Psychophysics, applied aspects
and general interpretations. In Autrum, H., Jung, R . , Loewenstein, W.R., MacKay, D.M., & Teuber, H.L. (Eds.). Handbook of
sensory physiology (Vol. 6 ). New York: Springer-Verlag, 1974.
Conraux, C., & Collard, M.

L'^lectronystagmographie chez l'enfant.
Acta Oto-Rhino-Laryngologica (Belgium), 1970, 24, 363-369.
(Mulch, G., & Petermann, W. Influence of age on results of
vestibular function tests. Annals of Otology. Rhinology. and
Laryngology Supplement. 1979, 88 .)

Cunningham, D.R., & Goetzinger, C.P. Floor ataxia test battery:
Results from an 8 to 18 year-old group. Archives of Otolaryn
gology. 1972, 96,, 559-564.
Curless, R.G. Acute vestibular dysfunction in childhood.
1980, 6 , 39-44.

Daubs,

Child's Brain.

J.G. Vision/non-vision ataxia test battery. American Journal
of Optometry and Physiological Optics. 1974 , 51., 400-405.

Davey, P.A. Observations of equilibrium in deaf children, Journal of
Laryngology and Otology. 1954, 68 . 329-331.
Depons, J.-L. A propos de 1 'electronystagmographie chez l'enfant.
view of Laryngology and Otological Laryngology. 1966, 8 7 .
985-991.
(Mulch, G., & Petermann, W. Influence of age on
results of vestibular function tests. Annals of Otology.
Rhinology. and Laryngology Supplement. 1979, 88 .)

Re

Diepeveen, J.E., and Jensen, J. Differential caloric reactions in deaf
children. Acta Oto-Laryngologica. 1968, 65., 570-574.

154

Doll, E.A. (Ed.). The Oseretskv tests of motor proficiency. Minne
apolis: Educational Test Bureau, 1946.
Ek, J., Jongkees, L.B.W., & Klijn, J. The threshold of the vestibular
organ, Acta-Oto-Laryngologica. 1959, 50, 292-300.
Erway, L.C. Otolith formation and trace elements; A theory of schizo
phrenic behavior. Journal of Orthomolecular Psychiatry. 1975,
4, 16-26.
Everberg, G. Unilateral total deafness in children;
Clinical prob
lems with a special view to vestibular function. Acta OtoLaryngologica . 1961, 52.253-269.
Eviatar, A. The torsion swing as a vestibular test.
laryngology. 1970, 92., 437-444.

Archives of Oto

Eviatar, L., Eviatar, A., & Naray, I. Maturation of neurovestibular
responses in infants. Developmental Medicine and Child Neurol
ogy. 1974, 16., 436-446.
Eviatar, L., & Eviatar, A. Neurovestibular examination of infants and
children. Advances in Oto-Rhino-Larvngology. 1978, 23, 169-191.
Eviatar, L., Miranda, S., Eviatar, A., Freeman, K . , & Borkowski, M.
Development of nystagmus in response to vestibular stimulation
in infants. Annals of Neurology. 1979, 5,, 508-514.
Frost, J.O., & Miller, M. Vestibular function and hearing in children
with prenatal rubella. New York State Journal of Medicine.
1971, 71, 971-973.
Geddes, D. Motor development profiles of preschool deaf and hard-ofhearing children. Perceptual and Motor Skills« 1978, 46,
291-294.
Geldard, F.A. The human senses (2nd ed.).
Sons, Inc., 1972.

New York:

Gesell, A., & Amatruda, C.S. Developmental diagnosis.
York; Hoeber-Harper, 1947.

John Wiley &

(2nd ed.).

New

Goldstein, R., Landau, W . M . , & Kleffner, P.R. Neurological assessment
of some deaf and aphasic children. Annals of Otolaryngology.
1958, 67., 468-479.
Graybiel, A. Measurement of otolith function in man.
In Kornhuber,
H.H. (Ed.). Vestibular system, part 2; Psychophysics, applied
aspects and general interpretations. In Autrum, H., Jung, R . ,
Loewenstein, W.R., MacKay, D.M., & Teuber, H.L. (Eds.). Handbook
of sensory physiology (Vol. 6 ). New York:
Springer-Verlag, 1974.

155

Graybiel, A., & Fregly, A.R. A new quantitative ataxia test battery,
Acta Qto-Larvngologica. 1966, 61,, 292-312.
Guedry, F.E. Psychophysics of vestibular sensation. In Kornhuber,
H.H. (Ed.). Vestibular system, part 2:Psychophysics. applied
aspects and general interpretations. In Autrum, H., Jung, R.,
Loewenstein, W.R., MacKay, D.M . , & Teuber, H.L. (Eds.). Handbook
of sensory physiology (Vol. 6 ). New York: Springer-Verlag, 1974.
Guedry, F.E., & Correia, M.J. Vestibular function in normal and in
exceptional conditions.
In B.R. Masterton (Ed.), Handbook of
behavioral neuro bio logy (Vol. 1). Sensory integration. New York:
Plenum Press, 1978.
Hamilton, W.J., & Mossman, H.W. Human embryology:
of form and function (4th e d .). Cambridge:

Prenatal development
Hoffer, 1972.

Heath, S.R. Rail-walking performance as related to mental age and
etiological type among the mentally retarded. American Journal
of Psychology. 1942, 5 5 . 240-247.
Henriksson, N.G. The correlation between the speed of the eye in the
slow phase of nystagmus and vestibular stimulus. Acta OtoLaryngologica . 1955, 45, 120-136.

Holderbaum, F.M.I., Ritz, S., Hassanein, K.M., & Goetzinger, C.P. A
study of otoneurologic and balance tests with deaf children.
American Annals of the Deaf. 1979, 124. 753-759.
Hosokawa, M. Studies on the vestibular function of deaf mutes. Journal
of Otolaryngological Society of Japan. 1966, 69,, 979-994.
Hubbard, D.G. The skyjacker:
Macmillan, 1971.

His flights of fantasy.

James, W. The sense of dizziness in deafmutes.
Otology. 1882, 4, 239-254.

New York:

American Journal of

Jongkees, L.B.W. Parallel swing test. In R. Wolfson (Ed.), The vesti
bular system and its diseases. Philadelphia; University of
Pennsylvania Press, 1964.
Jongkees, L.B.W. The examination of the vestibular organ. In Y.
Zotterman (Ed.), Sensory mechanisms. In Progress in brain
research (Vol. 23). New York: Elsevier Publishing Company, 1967.
Jongkees, L.B.W. Pathology of vestibular sensation. In Kornhuber, H.H.
(Ed.). Vestibular system, part 2: Psychophysics. applied aspects
and general interpretations. In Autrum, H . , Jung, R., Loewenstein,
W.R., MacKay, D.M., & Teuber, H.L. (Eds.). Handbook of sensory
physiology (Vol. 6 ). New York: Springer-Verlag, 1974.

156

Jongkees, L.B.W. On the physiology and the examination of the vesti
bular labyrinths. In Naunton, R.F. (Ed.), The vestibular
system. New York:
1975.
Kantner, R.M., Clark, D.L., Allen, L.C., & Chase, M.F.
Effects of
vestibular stimulation on nystagmus response and motbr perfor
mance in the developmentally delayed infant. Physical Therapy.
1977, 56, 414-421.
Konigsmark, B.W. Hereditary congenital severe deafness syndromes.
Annals of Otology. Rhinology. & Laryngology. 1971, 80, 269-288.
Kornhuber, H.H. (Ed.). Vestibular system, part 2: Psychophysics.
applied aspects and general interpretations. In Autrum, H . ,
Jung, R., Loewenstein, W.R., MacKay, D.M., & Teuber, H.L. (Eds.).
Handbook of sensory physiology (Vol. 6 ). New York: SpringerVerlag, 1974.
Kornhuber, H.H. The vestibular system and the general motor system.
In Kornhuber, H.H. (Ed.). Vestibular system, part 2: Psycho
physics. applied aspects and general interpretations. In
Autrum, H., Jung, R . , Loewenstein, W.R., MacKay, D.M., & Teuber,
H.L. (Eds.). Handbook of sensory physiology (Vol. 6 ). New
York: Springer-Verlag, 1974.
Kosoy, J. The otoneurologic examination.
Supplement. 1977, 3 4 3 .

Acta Oto-Laryngologica

Krejcova, H., Filipova, M., & Krejci, L. Vestibulometric evaluation of
the caloric reaction in children and adults.
Society Proceedings
of the 18th Conference of Czechoslovak Society for EEG and
applied Neurophysiology. Electroencephalography and Clinical
Neurophysiology. 1975, 39., 441.
Kwee, H.L. The occurrence of the Tullio phenomenon in congenitally
deaf children. Journal of Laryngology and Otology. 1976, 9 0 .
501-507.
McCabe, B.F. Experimental methods in vestibular research.
In C.A.
Smith & J.A. Vernon (Eds.), Handbook of auditory and vestibular
research methods. Springfield, Illinois: Charles C. Thomas,
1976, pp. 551-582.
McGraw, M.B. Development of rotary-vestibular reactions of the human
infant.
Child Development. 1941, 12. 17-19.
McHugh, H.E. Auditory and vestibular disorders in children.
scope. 1962, 72, 555-565.

Laryngo

Malcolm, R. Adaptation of the vestibulo-ocular system to rotation.
Advances in Oto-Rhino-Larvngology. 1973, 1£, 120-127.

157

Malcolm, R . , & Melvill-Jones, G. A quantitative study of vestibular
adaptation in humans. Acta Oto-Laryngologica. 1970, 70, 126-135.
Masterton, B.R., (Ed.). Handbook of Behavioral neurobiology. vol. 1
Sensory integration. New York: Plenum Press, 1978.
Mathog, R.H., & Cramer, R.L. Testing of the vestibular system.
Aerospace Medicine. 1971, 42., 741-745.
Michishita, K. Studies of normal vestibular reaction in children.
Journal of the Qtorhinolarvngological Society of Japan. 1967,
70, 37-60.
Miller, E.F. Ocular counterrolling. In R. Wolfson (Ed.), The Vestibu
lar system and its diseases. Philadelphia: University of
Pennsylvania Press, 1964.
Mitchell, T. & Cambon, K. Vestibular response in the neonate and
infant. Archives of Otolaryngology. 1969, 90, 556-557.
Morsh, J.E. Motor performance of the deaf.
Monographs. 1936, 13, 1-51.

Comparative Psychology

Mulch, G., & Petermann, W.
Influence of age on results of vestibular
function tests. Annals of Otology. Rhinology. and Laryngology
Supplement. 1979, 88.
Myklebust, H.R. Auditory disorders in children.
Stratton, 1954.
Myklebust, H. R. The psychology of deafness.
Stratton, 1960.
Naunton, R.F.
1975.

(Ed.).

The vestibular system.

New York:

New York:

New York:

Grune &

Grune &

Academic Press,

Ornitz, E.M. Vestibular dysfunction in schizophrenia and childhood
autism. Comprehensive Psychiatry. 1970, 11., 159-173.
Ornitz, E.M., Atwell, C.W., Walter, D.O., Hartmann, E.E,, & Kaplan,
A.R. The maturation of vestibular nystagmus in infancy and
childhood. Acta Oto-Laryngologica. 1979, 88., 244-256.
Ornitz, E.M., Brown, M.B., Mason, A., & Putnam, N.H. The effect of
visual input on postrotatory nystagmus in normal children. Acta
Oto-Laryngolgica. 1974, 77.» 418-425.
Oseretsky, N. II motometrie. 1., Teil. Beihefte zur Zeitschrift fur
angewandte Psvchologie. 1931, 57., 26-53.

158

Peitersen, E. Measurement of vestibulo-spinal responses In man. In H.
Kornhuber (Ed.). Vestibular system, part 2,: Psychophysics.
applied aspects and genera1 interpretations. In Autrum, H . ,

Jung, R., Loewenstein, W.R., MacKay, D.M., & Teuber, H.L. (Eds.).
Handbook of sensory physiology (Vol. 6). New York: SpringerVerlag, 1974.
Pendleton, M.E., & Paine, R.S. Vestibular nystagmus in newborn infants.
Neurology. 1961, 11., 450-458.
Peto, A. To cast away: A vestibular fore-runner of the superego.
The Psychoanalytic Study of the Child. 1970, 25, 401-416.
Prescott, J.W. Developmental neuropsychophysics.
In J.W. Prescott,
M.S. Read 6c D.B. Coursin (Eds.). Brain function and malnutrition;
Neuropsvchologica1 methods of assessment. New York: John Wiley
£c Sons, 1975.
Prescott, J.W., Read, M.S., 6c Coursin, D.B. (Eds.). Brain function and
malnutrition: Neuropsychological methods of assessment. New
York: John Wiley 6c Sons, 1975.

Proctor, L.R. Testing the vestibular system: the value of the caloric
test. In R. Naunton (Ed.). The vestibular system. New York:
Academic Press, 1975.
Rahko, T., 6e Aantaa, E. Equilibrial disturbances caused by hearing aids
in hard of hearing children. Journal of Laryngology and
Otology. 1977, 91, 358-359.
Rapin, I. Hypoactive labyrinths and motor development.
trics. 1974, 13, 922-937.
Roberts, T.D.M. Neurophysiology of postural mechanisms.
Butterworths, 1967.

Clinical Pedia

London:

Rosenblut, B., Goldstein, R., 6c Landau, W.M. Vestibular responses of
some deaf and aphasic children. Annals of Otology. Rhinology.
and Laryngology. 1960, 69, 747-767.
Royeen, C.B. Factors affecting test-retest reliability of the Southern
California Postrotary Nystagmus Test. American Journal of
Occupational Therapy. 1980, 3 4 . 37-39.

Rubin, R.J., 6c Rozycki, D.L. Clinical aspects of genetic deafness.
Journal of Oto. Rhino. and Laryngology. 1971, 80, 255-263.
Sandberg, L.E., 6c Terkildsen, K. Caloric tests in deaf children.
Archives of Otolaryngology. 1965, 81, 350-354.

Schilder, P. The vestibular apparatus in neurosis and psychosis. Journal
of Nervous and Menta 1 Diseases. 1933, 78,, 1-23; 137-164.

159

Silverstein, H. Induced rotational nystagmus in normal Infants.
of Pediatrics. 1965, 67., 432-437.

Journal

Spoendlin, H.H. Ultrastructure of the vestibular sense organ. In R.
Wolfson (Ed.). The vestibular system and its diseases. Phila
delphia: University of Pennsylvania Press, 1964.
Steinberg, M.A., Russell, J., & Rendle-Short, J. A simple method for
examining post-rotatory nystagmus. Australian Journal of
Physiotherapy. 1976, 2 2 . 73-78.
Swisher, L.P., & Gannon, R.P. A comparison of auditory and vestibular
responses in hearing-impaired children. Acta Qto-Laryngologica.
1968, 66, 89-96.
Tibbling, L. The rotatory nystagmus response in children.
Laryngologica . 1969, 68, 459-467.

Acta Qto-

Travis, R.C. The effect of varying the position of the head on volun
tary response to vestibular stimulation. Journal of Experimental
Psychology. 1938, 23., 295-303.
Van De Calseyde, P., Ampe, W., & Depondt, M. The nystagmic threshold
in children during the damped sinusoidal stimulation. Acta OtoRhino-Laryngological Belgica. 1972, 26., 237-243.
Van Der Laan, F.L.,& OosterveMJW.J. Age and vestibular function.
Aerospace Medicine. 1974, 4 5 . 540-547.
Van Der Lugt, M.J.A. V. D. L. psvchomotor test series for children.
York: New York University, 1949.

van Egmond, A.A.J. The Barany test compared with cupulometry.
Qto-Laryngologica Supplement. 1948, 78., 33-39.

New

Acta

van Egmond, A.A.J., Groen, J.J., 6c Jongkees, L.B.W. The mechanics of
semi-circular canal. Journal of Physiology. 1949, 110. 1-17.
Walsh, E.G. Perception of linear motion following unilateral labyrinthectomie: variation of threshold according to the orientation of
the head. Journal of Physiology. 1960, 153. 350-357.
Walsh, E.G. The use of impulsive mechanical stimuli of variable dura
tion in the evaluation of the indication time of the otolith
organs. Journal of Laryngology and Otology. 1966. 3 0 . 1218-1223.
Weeks, Z.R. Effects of the vestibular system on human development,
part 1. American Journal of Occupational Therapy. 1979, 3 3 .
376-381.
Wilson, V.J., 6c Melvill-Jones, G.
York: Plenum Press, 1979.

Mammalian vestibular physiology.

New

160

Wolfson, R.J. (Ed.). The vestibular system and its diseases. Philadel
phia: University of Pennsylvania Press, 1964.
Young, L.R., & Oman, C.M. Model for vestibular adaptation to horizontal
rotation. Aerospace Medicine, 1969, 40, 1076-1080.
Zelenka, J. & Slaninova, B. Zmeny cinnosti labyrintu dane starnutim.
Cesk Otolarvng. 1964, 13., 21.
(Bruner, A., & Norris, T.W.
Age-related changes in caloric nystagmus. Acta Qto-Laryngologica
Supplement. 1971, 282..)

Zotterraan, Y. (Ed.). Sensory mechanisms. In Progress in brain research
(Vol. 23). New York: Elsevier Publishing Company, 1967.

A P P E N D I C E S

161

162

APPENDIX A

Description of the Structure and Function of the Peripheral
Vestibular End Organs

Assisting in maintenance of equilibrium under both static and
dynamic conditions is the primary function of the vestibular system.
It does this by initiating reflexes and eliciting sensations regarding'
head and body position.

Because vestibular sensations are unconscious

except under unusual circumstances and because other senses, chiefly
proprioception and vision, appear to compensate for vestibular losses,
this sensory system is given a relatively minor role by life scientists
(Erway, 1975).

Consequently, research and, therefore, knowledge of the

vestibular system lag far behind most other sensory systems (McCabe,
1976).

Geldard (1972) has even questioned whether it is a true sensory

system because it yields no direct sensations in the manner that other
head senses do.

The vestibular system has no major muscle group,

instead it influences several muscle groups indirectly (Guedry, 1974).
Kornhuber (1974) stated that while sensory and motor mechanisms are
integrated in all sensory systems, in the vestibular system motor
mechanisms predominate.
The vestibular system's status as a stepchild among the senses is
unjustified.

Its relationship to the other senses is analogous to a

figure-ground relationship.

That is, it operates in the background

without our conscious awareness for the most part, so that we remain
oriented while we focus our attention on stimuli to other senses.

It

plays a major role in maintenance of equilibrium but as a silent partner
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to all other senses (Guadry, 1974).

The role of the vestibular system

In motor, cognitive, and emotional development is just beginning to be
explored.
Each vestibular labyrinth is located in the inner ear within the
temporal bone and is composed of three semi-circular canals and the
otoliths— the vestibular sacs called the utricle and the saccule.

The

membraneous labyrinth, which is housed within the bony labyrinth, is
continuous.
connected.

That is, the three canals and both vestibular sacs are all
This membraneous cavity is filled with a liquid called

endolymph which passes through canals only .2 mm in diameter.
semi-circular canals are only 15 to 22 mm in length (Geldard,

The bony
1972).

The sensory elements of the canals and of the otoliths— the cristae and
the maculae— transform mechanical energy into electrical energy.

Semi-Circular Canals
The semi-circular canals respond to rotatory accelerations to the
head.

Their function is to indicate the orientation of the axis of

angular acceleration relative to the head, the magnitude of that angular
acceleration, and the direction of rotation about the axis of angular
acceleration (Guedry, 1974).

In addition to these sensations indicating

head position, stimulation of the canals also initiates appropriate
reflex action in other parts of the body, including the oculomotor
system, to allow for whole body adjustments in response to changes in
position.

In our daily experiences angular accelerations are brief in

duration, yielding correct sensations of position and appropriate
reflexes.

When an angular acceleration is prolonged, however, the sen

sations and the reflexes are inappropriate, no longer accurately
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reflecting reality (Jongkees, 1975).

Under these circumstances the sen

sations are quite conscious and often distressing, i.e., motion sickness.
The horizontal (lateral), inferior (posterior vertical), and
superior (anterior vertical) semi-circular canals are approximately at
right angles to each other.

When both sets of canals are considered

together, each pair of canals lies in one of three orthogonal planes in
which body motions can be represented (Guedry, 1974).

Near the base of

each canal, where it joins the utricle, is a nodule, the ampulla, which
contains the ends of the vestibular branch of the eighth cranial nerve.
Within the ampulla is the crista, a structure composed of sensory hair
cells projecting cilia into a fan-shaped gelatinous mass called the
cupula.

It is uncertain whether during displacement the cupula moves

like a swing-door hinged at the crista or like a fixed diaphragm
attached all around its margin.

The latest observation techniques

suggest the latter, that the cupula is attached to the ampulla around
its entire perimeter (Wilson & Melvi11-Jones, 1979).
The cupula is deformed or deflected with the movement of the
endolymph in response to rotatory accelerations about an axis perpendicu
lar to the mean plane of the canal.

The specific gravities of the

cupula and of the endolymph are believed to be similar, which means theo
retically, that the canals should not be influenced by linear accelera
tions including gravity (Guedry, 1974).
Deflection of the cupula changes the resting electrical activity
in the hair cells by changing the action potential firing rate.

While

at rest, electrical activity is constant, but deflection causes either
an increase or a decrease in activity depending on the direction of the
change (Jongkees, 1975).

In the horizontal canal, cupular deflection
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toward the utricle causes depolarization of the crista and increased
electrical activity; deflection away from the utricle causes hyper
polarization and decreased electrical activity.

Because of this

property of bidirectionality of all the canals and of the orthogonal
nature of the three canals, one functional ear is adequate both to
signal orientation of the axis of the angular acceleration relative to
the head and to indicate the direction of rotation relative to that axis
(Guedry, 1974).

The amount of cupular deflection determines the inten

sity of the change in firing rate.

Firing rate is also a function of

duration of acceleration.
Sensitivity of the canals has been investigated by examining (a)
nystagmic eye movements, (b) sensations of motion, and (c) the
oculogyral illusion (Geldard, 1972).

Nystagmus
When angular acceleration stimulates the semi-circular canals,
ocular, spinal, and autonomic reflexes are initiated simultaneously
(Peitersen, 1974).

Most tests of canal function require measurement of

one aspect of the vestibulo-ocular reflex called nystagmus.

Ocular

nystagmus is defined as a rhythmical and conjugate movement by the eye
balls about a certain axis with alternating slow and fast phases
(Jongkees, 1975).

Conditions leading to ocular nystagmus are not

usually found in ordinary adult daily living in which the angular
accelerations experienced are all small and brief in duration.

In

response to these naturally occurring angular accelerations, the vesti
bulo-ocular reflexes keep the eyes fixated on whatever we are attending
despite any ongoing head or body movements.

When angular acceleration
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in one direction is continued, ocular nystagmus occurs.

The slow phase,

which is in the direction opposite that of rotation, is believed to
compensate for head movement by repositioning the eyes.

The fast phase,

which is in the direction of rotation, is a corrective movement return
ing the eyes from a deviated position; it is thought to be under the
influence of the central nervous system (CNS) (Jongkees, 1975).

A

nystagmus beat is composed of a slow phase component followed by a fast
phase component.

Nystagmus is described as either left or right

beating; by convention, this refers to the direction of the fast com
ponent.

Ocular nystagmus of vestibular origin is suppressed by light,

visual fixation, and lack of sufficient mental alertness.

It is

important to note in passing that not all nystagmus is of vestibular
origin; it may appear in response to optokinetic, acoustic, tactile, and
even olfactory stimuli as well (McCabe, 1976).
The vestibulo-ocular reflexes are initiated when head rotation
causes the endolymph and cupula to lag due to inertia.

As a result of

their inertia, the endolymph and cupula are moving in the direction
opposite that of head rotation.

The deflected cupula results in a change

in the electrical activity of the hair cells.

The resulting nystagmus

follows the laws of Flourens and Ewald*described over 100 years ago,
that is, when one canal is stimulated, a nystagmus is initiated in the
plane of that canal.

So, stimulation of the horizontal canal provokes

a horizontal nystagmus.
There are several parameters of ocular nystagmus which can be
measured.

The slow phase velocity, measured in radians/second or

degrees/second of eyeball speed,most closely reflects actual cupular
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deflection (McCabe, 1976).

Hendrikkson (1955) found that eye speed

during slow phase velocity of ocular nystagmus varies linearly with
acceleration rate and time.

The fast phase velocity, also measured in

radians/second or degrees/second of eyeball speed, is centrally evoked
nystagmus parameter, as is amplitude.

Amplitude, usually expressed in

radians or degrees, is a measure of the distance the eye travels during
the slow phase.

Another parameter, related to amplitude, is total slow

phase component deviation of the eye calculated by adding the individual
amplitudes from all the nystagmus beats.
radians or degrees.

It is also expressed in

In addition, response latency in seconds is

occasionally measured.
Beat frequency, measured in beats/second is another parameter of
nystagmus.

It is a less valuable measure because it is quite variable

and influenced very much by drugs and level of arousal (McCabe, 1976).
Also, beat frequency varies with both amplitude and slow phase velocity.
Duration of nystagmus, measured in seconds, is the least valuable para
meter for several reasons:

(a) it depends heavily on the state of

mental alertness, (b) it is difficult to decide when nystagmus begins
and ends on a nystagmogram: there may be interruptions in a train of
nystagmus beats, and (c) it does not correlate with slow phase velocity.
Before electronystagmography and photoelectric nystagmography
were available the only parameters which could be studied were duration
and amplitude.

Duration was measured with a stopwatch while nystagmus

was observed by the tester through Frenzel's glasses over the subject's
eyes.

These glasses prevent visual fixation by the subject, but magnify

the subject's eyes for the observer.

Amplitude was often estimated by
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observation of eye movements through Frenzel's glasses.

With the newer

recording techniques many more valuable parameters may be measured and
with much greater precision.

The permanent record obtained with

nystagmography allows for a more detailed inspection of nystagmus and
for comparison among nystagmograms from the same and other laboratories.

Sensations of Motion
When angular accelerations to the head are small and brief in
duration with abrupt beginning and ending, normal semi-circular canal
function allows us to accurately sense the axis of rotation and the mag
nitude and direction of the change in position.
canal system acts as a speedometer.

In these cases the

When angular accelerations are

unphysiologically large and/or prolonged, our sensations no longer
reflect reality.

The nature of our misperceptions under these unnatural

conditions can be used as another means of checking the integrity of our
semi-circular canals.
The literature is confusing in the manner in which false sensa
tions, illusions, are regarded.

Some writers, like Jongkees (1974),

regard any vestibular sensation which is not an accurate reflection of
reality as pathological even when the sensation is initiated by a com
pletely normal vestibular system.

In other words, they refer to all

nystagmic and sensory responses of normal vestibular systems to unnatural
acceleratory stimuli as pathological.

The confusion increases when the

absence or diminution of nystagmus and false sensations in labyrinthinedefective persons are also referred to as pathological.
If a person with normal canal function is seated, blindfolded or
in total darkness, in a rotating chair, as the chair is accelerated
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he/she will have the sensation of turning in the correct direction.

At

the same time, there will be perrotatory nystagmus beating in the
direction of rotation.

At some point, if acceleration ceases and a

constant velocity is maintained for about 60 sec,

and if cues from

other senses do not intervene, the person will have the incorrect sensa
tion of being motionless, and nystagmus will cease.

This is explained

by the fact that once angular velocity is held constant, the cupulae of
the horizontal canals are no longer stimulated so they return to their
resting positions within about 30 sec (Geldard, 1972) and consequently
yield no sensations of turning nor elicit vestibulo-ocular reflexes.
If, after 60 sec

or so of this constant velocity, the chair is stopped,

the cupulae are again deflected but in the direction opposite of
angular deceleration.

This results in nystagmus beating in the opposite

direction of rotation and in the somatogyral illusion.

When this

illusion occurs, the person feels as if he/she is rotating in the direc
tion opposite that of the actual deceleration when he/she is actually
motionless (Guedry, 1974).

The nystagmus and the somatogyral illusion

continue for about 30 sec following the stop, then both gradually decline
in speed.

This nystagmus is referred to as primary rotation nystagmus

(Geldard, 1972), and the somatogyral illusion is often referred to as
the primary

aftersensation (Jongkees, 1974).

Both can be explained in

terms of the physical mechanics of the cupula-endolymph system mathemat
ically described by the damped torsion pendulum equation.
If visual fixation continues to be suppressed and alertness is
maintained, a secondary nystagmus may occur which beats in the direction
opposite that of the primary nystagmus.

It may develop speed for over
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60 secs, then gradually decline over the next few minutes.
the secondary nystagmus is often a secondary
reverses direction.

Accompanying

aftersensation which also

In fact, there may be several secondary after

sensations alternating in direction (Jongkees, 1974).
During normal head movements we have no
ing a state of sobriety!).

aftersensations (assum

After small angular decelerations, stopping

impulses of 60°/sec (1.05 rad/sec) and less as in cupulometry, usually
only a primary

aftersensation and a primary nystagmus occur.

Only

after larger impulsive stops characteristic of Barany-type procedures
do secondary

aftersensations and secondary nystagmus reliably occur

(Jongkees, 1974).

Together, primary and secondary

aftersensations and

nystagmus may last for as long as 600 sec (Geldard, 1972).

The

secondary responses are generally thought to be of central origin, but
Jongkees (1974) stated that peripheral causes could not be ruled out.
Whatever the origin, the damped torsion pendulum equation is not adequate
for explaining the secondary responses.
Once the impulsive stop is strong enough to elicit secondary
responses, more and more people begin to experience unpleasant visceral
reactions like nausea and dizziness.

These and other symptoms of motion

sickness may mask any phasic sensations of turning as well as play havoc
with subject cooperation.
Several facts need to be mentioned regarding subjects' reports of
sensations.

First, when sitting in a motionless chair in the dark, most

people will report brief periods of spontaneous and erratic movement
including rotation, swinging, and moving up or down.

These sensations

in the absence of acceleration are common enough to have been labelled
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gyroautokinesis by Clark and Stewart (1968).

Second, many vestibular

sensation studies have used subjects trained in self-observation (often
the experimenters themselves).

These subjects give the least reliable

answers; their expectations of how they "should" feel interfere signif
icantly with their ability to accurately report their actual sensations
(Jongkees, 1974).

Finally, according to Geldard (1972), although

intraindividual differences are small, there are large interindividual
differences in the primary and secondary nystagmus and sensation para
meters .
During caloric testing, sensations of rotation and changed
position depend on the water temperature, on patient position, on
whether irrigation is uni- or bilateral, and on duration of irrigation.
However, the study of sensation in response to this type of testing has
not yielded any useful information (Jongkees, 1974).

One reason for

this may be that nausea and dizziness, which are quite common responses
to calorization, may effectively mask any sensations of motion.

Oculogyral Illusion
The oculogyral illusion is a visual illusion occurring during
angular acceleration of the body while in partial darkness (Geldard,
1972).

It refers to the apparent motion of an illuminated visual object

viewed in the dark which is fixed in space relative to the subject's
head.

The acceleration may be provided by a centrifuge or by a flight

simulator.

Following angular acceleration this visual object appears to

move in the direction of rotation.
movement appears to cease.

Once angular velocity is constant,

Deceleration causes apparent motion in the

direction opposite that of rotation,

once stopped, the apparent
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movement may subside but return in the reverse direction.

These visual

effects are presumed by some to correlate exactly with nystagmic
responses (Geldard, 1972), but by others to correlate more closely with
the sensation of turning (Collins, 1974).

The sensitivity of the

oculogyral illusion compares favorably with that of other canal measures,
but the explanations for the occurrence of this illusion are controver
sial (Guedry, 1974).

Like secondary nystagmus, it cannot be explained

by the damped torsion pendulum theory.

Tests of Semi-Circular Canal Function
The existing four tests of semi-circular canal function deliver
either a rotatory or thermal stimulus to the horizontal canals.

The

most common clinical test, the caloric test, involves a thermal stimula
tion to each ear separately.

The remaining three stimulate both ears

simultaneously via rotatory acceleration.

For all four-tests the

horizontal semi-circular canal is the canal which is stimulated maxi
mally.

Because of the extremely small size, close proximity, and con

tinuity of the canals, it is generally assumed that the status of the
horizontal

canal represents the status of the two vertical canals also.

In addition, it is assumed that

of the three pairs

the horizontal

canals play the major role since most of our head movements in daily
living are in the horizontal plane.
The bithermal caloric test traditionally involved separately
syringing the right and left ears of the supine patient (with head
propped 30° or .52 rad) with 50 ml (.5 x 10"^m^) of water at 7° C above
body temperature (44°) and 7° C below body temperature (30°).

Now

there are closed loop test apparatuses in which the warm or cool water
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flows through plastic tubing and Inflates a small balloon within the
ear, as well as apparatuses which heat and cool the labyrinth with air
currents rather than water.

Both of these relatively recent innova

tions represent improvements over the original irrigation methods.
Regardless of how it is delivered, the temperature change in the
external meatus is transmitted through the temporal bone, then through
the bony and the membraneous walls of the horizontal canal and finally
to the endolymph within that canal.

This change in temperature causes

a change in density of the endolymph.

When the horizontal canal is

vertical as it is in the supine patient, cooled endolymph within it gets
heavier and warmed endolymph within it gets lighter.

Convection

currents are set up, and the horizontal cupulae are deflectedseliciting
a vestibular response.

When a normal horizontal canal is cooled, a

nystagmus beating to the opposite side results for about 180 sec.

When

a normal horizontal canal is warmed, a nystagmus beating to that same
side results for about 120 sec.

Since the presence of nystagmus in both

cases depends on adequate mental alertness, the patient is requested to
do mental arithmetic immediately following stimulation.

When a malfunc

tioning or dead labyrinth is stimulated, nystagmus may be diminished or
absent altogether.

However, a damaged labyrinth often initiates a

spontaneous nystagmus (Jongkees, 1975).
testing is recommended.

For this reason, bithermal

There is a stooping maneuver occasionally used

in testing in which the patient changes position after a nystagmus is
elicited.

If the canal is normal, the nystagmus persists.

If the

nystagmus ceases, the initial nystagmus is considered to be a pseudo
caloric reaction.
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Frequently ice-cold caloric testing (irrigation with water less
than 30° C) has been performed when no nystagmic response occurs to cool
caloric testing.

According to Jongkees (1975), this does not affect

the strength of the nystagmic response but does increase the ill effects
of testing.
on nystagmus.

Likewise, water greater than 44° C hurts but has no effect
Before electronystagmography became available, the

strength of the nystagmus was measured by observing its duration while
the patient wore Frenzel's glasses.

Now, with electronystagmography,

more useful nystagmus parameters can be measured.

Speed of the slow

phase of nystagmus has proven to be the best measure.
The major advantage of caloric testing over other tests is its
ability to separate the two ears— a matter of prime concern to the
attending physician.
guished:

In addition, two types of pathology can be distin

(a) canal paresis for which there is predominance of function

of one labyrinth over the other and (b) direction preponderance in which
irrespective of the stimulation, nystagmus beats stronger in one direc
tion than the other.
A limitation of caloric testing is the inability to predict actual
stimulus strength to the horizontal canal (Proctor, 1975).

In published

reports of caloric testing, attempts to describe the physical stimulus
or the apparatus are seldom made.

Another shortcoming of the reports is

that the criteria for distinguishing normality from abnormality are
seldom given.
About 75 years ago Barany introduced his turning test for investi
gating semi-circular canal function.
of choice at that time.

It quickly became the clinical test

In World War I it was used to screen prospective
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aviators for vertigo (Geldard, 1972).

The ideal Barany chair rotates,

accelerates, and decelerates noiselessly and smoothly on a heavy base.
Many are hand turned although the motor driven ones usually deliver a
more precise rotatory stimulus.
The subject sits in the Barany chair with arms folded across the
chest either wearing Frenzel's glasses or a blindfold or in complete
darkness.

He/she is often requested to tilt his/her head forward 30°'

(.52 rad) so that the horizontal canals are actually in the horizontal
plane.

Greater sensitivity has been demonstrated when the head is

held erect, however (Travis, 1938; Hendriksson, 1955).
Although Barany testing cannot separate the two labyrinths as
caloric testing does, it can be used to test all three pairs of canals.
The two pairs of vertical canals can be tested by merely changing head
position and repeating the test.
The original procedure was to rotate the subject 10 times in 20
sec (180°/sec or 3.14 rad/sec) and stop abruptly.

In normals the post-

rotatory primary nystagmus resulting from the abrupt deceleration lasts
from 40 to 80 sec.

This nystagmus was traditionally viewed through

Frenzel's glasses, and its duration measured as the index of canal
responsivity.

Now, with nystagmography available more useful nystagmus

parameters can be measured, most notably, slow phase velocity.
A major drawback of the Barany test is that the effects of the
initial acceleration cannot be separated from the effect of the final
deceleration.

The procedure has been improved so that either the 180°/

sec velocity is reached via subliminal acceleration or that, once
reached, it is held constant for at least 60 sec, long enough for the
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effects of acceleration to subside.

An additional variation of the

Barany procedure is to control the rate of acceleration of the subject
and study the perrotatory nystagmus both during acceleration and during
constant velocity once a peak velocity (usually 180°/sec) is attained.
The perrotatory nystagmus may be compared to the postrotatory nystagmus
following an abrupt stop.
Although rotatory stimulation is more nearly physiological than
thermal stimulation is, many investigators consider the rapid decelera
tion of the Barany test to be too harsh and the deceleration rate to be
arbitrary.

Van Egmond (1948) developed cupulometry, a systematic proce

dure for studying horizontal canal response to rapid decelerations from
a series of smaller peak velocities, in order to extend the usefulness of
testing the effects of rotatory stimulation.

In cupulometry the subject

is rotated in a Barany chair subliminally so that no nystagmus or sensa
tion of motion occurs.

When a certain constant speed is reached, the

chair is stopped abruptly.

The peak velocities are typically between 6°

and 60°/sec (.10 and 1.05 rad/sec).

The dependent measure is duration

of nystagmus when Frenzel's glasses are used.

When nystagmography is

available, slow phase velocity of nystagmus is the parameter of choice.

In either case, duration of the sensation of motion— the somatogyral
illusion— is frequently obtained also.

In a few studies the dependent

measure has been the oculogyral illusion.
A graphic representation of results is called a cupulogram in
which any of the dependent measures is plotted on a logarithmic scale
of the magnitudes of the peak velocities.

The cupulogram, like an

audiogram, represents a range of end organ function.

When the labyrinths
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are normal, the cupulogram is linear.
cupulogram is curvilinear.

When pathology exists, the

Certain curves are characteristic of certain

forms of pathology.
Although cupulometry is more physiological than the Barany proce
dure is, it is too time consuming for routine clinic use (Jongkees, 1975)
so it is used most frequently in research settings.
Another way to deliver rotatory accelerations to the body
a torsion swing.

The torsion swing,

is with

first introduced by Mach in the

1800's (Geldard, 1972), is considered to be the most physiological of
all the rotatory tests.

It not only delivers decelerations of the magni

tude experienced in daily living, but the decelerations alternate in
direction which is also characteristic of our normal daily experiences.
The torsion swing consists of
by two cables, which is fixed to the
swinging to sinusoidal movements

a chair, suspended from the ceiling
floor in order to limit its

(Eviatar, 1970).

The subject usually

sits in the chair with head bent forward 30° (.52 rad) and with eyes
closed to prevent nystagmus suppression.
to record the nystagmus.

Electronystagmography is used

The dependent measure is usually slow phase

velocity of nystagmus.
The torsion swing rotates back and forth within a given angle,
usually 180° (3.14 rad).

It is manually moved to one side and released.

This causes gradually decelerating sinusoidal movements and a gradually
decreasing angle of rotation.

Like cupulometry, the torsion swing test

samples a whole range of canal function.

Unlike cupulometry, it does

this in a single trial.
This test takes only a few minutes to give and is extremely easy
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to administer to both the very young and the very old who have difficulty
giving complete cooperation for the other canal tests, especially the
caloric test.

In the Barony tests and in cupulometry the procedures are

usually carried out in the clockwise direction and then repeated for
the counterclockwise direction.

The torsion swing, however, permits an

immediate comparison of the nystagmus from the clockwise and counter
clockwise directions all in the same trial.
A disadvantage of the torsion swing,

as with all rotation

tests,

is that it stimulates both labyrinths simultaneously so it cannot be
used diagnostically to separate the ears.

Also, torsion swing test

results are not necessarily comparable to bithermal caloric test
results for the same patient as once had been hoped.

When torsion swing

test results suggest normal canal function, the caloric test usually
does also.

However, when torsion swing test results suggest abnormal

canal function, caloric testing results are not correlated.

This is

another reason the torsion swing cannot replace the bithermal caloric
test as the standard clinical test (Eviatar, 1970).

Although the results

of the other rotatory tests correlate well with those of the bithermal
caloric test

(Jongkees, 1967), their inability

toseparate theears

keeps them from routine clinical use also.

Otolithic Organs
The otoliths respond to linear acceleration, in particular, to
gravity— a constantly stimulating linear acceleration.

Although their

primary function is to provide orientation information relative to
gravity, they probably also are contributory in the perception of tilt
and of linear velocity (Guedry, 1974).

Stimulation of the otoliths,
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like that of the semi-circular canals, initiates reflexes (including
oculomotor ones) which help maintain both static and dynamic equilibrium
by opposing the stimuli and by adjusting muscle tension.

Because the

otoliths have been labelled by some neurophysiologists as vestigial,
research into otolithic anatomy and physiology is extremely sparse
(McCabe, 1976).
Although they are not identical anatomically, the maculae, or
sensory surfaces, of both the utricle and the saccule are oval, flat (but
curving) thickened areas on the inside wall of each otolithic chamber.
They contain sensory hair cells projecting into a gelatinous layer.

Over

this gelatinous layer is a membrane embedded with calcium carbonate
crystals called otoconia.

The specific gravity of the otoconia is 2.7

times that of the endolymph.

In humans, the surface area of the maculae

is between 2.2 mm^ and 4.5 mm^, and the angle between them is between
70° (1.22 rad) and 110° (1.92 rad) (Guedry, 1974).

Linear acceleration

results in displacement of the otoconial membranes relative to the hair
cells.

This displacement is produced by a sliding movement which has a

shearing effect upon the hair cells.

This bends the sensory hair cells

which signals orientation of the total resultant linear acceleration
relative to the head.

Individual linear accelerations are not separated

perceptually, rather, the resultant acceleration is perceived.

There is

little agreement on precisely how the utricle and the saccule perform
this function (Guedry, 1974).
The electrical activity of the hair cells in the maculae is
similar to that in the hair cells of the cristae except that polariza
tion appears to be multidirectional in the maculae as opposed to uni
directional in the cristae (Spoendlin, 1964).
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As is also true for the semi-circular canals, normal functioning
is possible with only one intact inner ear.

Researchers are divided on

the question of whether the saccule is essential to normal functioning
(Walsh, 1960; Jongkees, 1975).
Sensitivity of the otolithic organs has been explored by
examining (a) compensatory eye movements, (b) sensations of motion,
linear velocity and tilt, and (c) the oculogravic illusion in response
to different experimentally produced linear accelerations.

Tests of Otolithic Function
Tests for otolithic function include the tilt table (Geldard,
1972), counterroiling tilt devices found in space laboratories (Miller,
1964), and the parallel swing (Jongkees, 1964).

Otolithic function has

also been investigated with centrifuges, horizontal linear tracks, water
immersion procedures,

and unnatural gravitoinertial force environments.

None of these is adequate for the needs of the clinician, however, who
must rely on observation of vestibular reflexes:

Romberg test,

walking, pastpointing, and spontaneous counterrolling of the eyes
(Jongkees, 1975).

According to Geldard (1972) the tilt table is an inappropriate
test because the restraining straps, which hold the subject to the table,
result in so many cues to the skin and muscles that they overpower any
otolithic cues.

Miller (1964) has described a Counterroiling Tilt Device

which controls many of these extravestibular cues.

This device,which is

used at Pensacola U. S. Naval School of Aviation Medicine, tilts the
whole body laterally as much as 50° (.87 rad) from the upright position.
Miller found that for normal subjects, the eyes rolled opposite the
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lateral direction of tilt.

For bilaterally otolithic-defective sub

jects, ocular counterrolling was either greatly diminished or absent.
When four patients relieved of the symptoms of Meniere's disease
following streptomycin sulfate therapy were given this test, their
ocular counterroiling was like that of the normal subjects, indicating
normal otolithic function despite loss of semi-circular canal function
evidenced by caloric testing.
The parallel swing, according to Jongkees (1964), is the easiest
method for examining otolithic function.

It consists of a stretcher

suspended from four cables of equal length.

When the cables are long

enough, swing movement will be mainly sinusoidally changing horizontal
accelerations of low frequency, the vertical acceleration being below
the threshold of perception, and therefore,negligible.

The subject lies

on the stretcher and is swung freely in complete darkness to remove
visual cues since light and visual fixation can indicate body position
as well as suppress vestibulo-ocular reflexes.
Before the advent of electronystagmography, the threshold for the
inappropriate sensation of verticality, that is, the sensation of tilt
in the direction of the resultant force between the horizontal linear
acceleration and gravity, was all that could be measured on the parallel
swing.

The threshold for sensation of tilt for normal subjects was

found to occur when horizontal linear acceleration was on the order of 2
to 6 cm/sec^ (Jongkees, 1975).

Bilateral otolithic loss of function

resulted in much higher threshold levels--up to 20 cm/sec^ (Jongkees,
1975).

With electronystagmography it is possible to measure the reflexive
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compensatory movements of the eyes in response to the resultant force
between gravity and a horizontal linear acceleration.

These conjugate

eye movements, in subjects with at least one normal pair of otolithic
organs, consist of rotation of the eyes in the direction opposite of the
resultant linear acceleration.

Measurement of compensatory eye move

ments is a more reliable index of otolithic function than measurement
of reported sensation which has proven to be too difficult for untrained
subjects (Jongkees, 1975).

In addition, even subjects with bilateral

otolithic losses are very good at using extravestibular cues to deter
mine body position.

(It is practically impossible to experimentally

eliminate all but the experimentally produced vestibular cues.)

How

ever, despite correctly reported sensations of tilt, subjects with
bilateral otolithic losses will show no compensatory eye movements.

Jongkees (1964) described a patient who had undergone bilateral
fenestration surgery but who showed normal compensatory eye movements
on the parallel swing.

This patient had no

caloric or rotatory tests.
damage only.

nystagmus in response to

These results suggest semi-circular canal

This case cited by Jongkees (1964) and those cited by

Miller (1964) are examples of instances where reliance on the results of
tests of semi-circular canal function as the sole indication of the
status of the peripheral vestibular end organs would have led to
incorrect conclusions regarding the status of the otolithic organs.
Reliable tests of both otolithic and canal function are essential for the
clarification of the individual and combined roles of the two types of
vestibular organ systems (Graybiel, 1974).
When a subject's chair is tilted, changing the direction of the
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gravltoinertial vertical with reference to him/her, that subject can
correctly perceive the tilt, but the perceived visual framework
appears to tilt also.

This latter perception is called the oculogravic

illusion (Graybiel, 1974).

It is chiefly dependent on an intact

otolithic system with proprioceptive cues making only a minor contribu
tion to its perception.

This illusion has been studied by having normal

and otolithic-defective subjects, seated in a darkened centrifuge or
other device to change the direction of gravitoinertial forces, set a
luminous rod to the apparent vertical or horizontal.

Although the

oculogravic test will separate normal from otolithic-defective responses,
it is obviously not

suitable as a clinical test.

Graybiel and

Fregly (1966) have developed a test of otolithic

function which measures vestibulo-spinal or postural reflexes.

It is

reported to separate the contributions of vision and proprioception from
those of the vestibular system in the maintenance of equilibrium.

Their

quantitative vestibular ataxia test battery, which they have standard
ized, is an elaboration of previous rail walking tests and the Romberg
test.

The battery has been found

vestibular function

to reliably indicate both loss of

and disturbed vestibular function. Although it has

the advantage of being amenable for both researchers and clinicians, its
potential for clinical applicability has not yet been exploited.
In conclusion, it is worth mentioning a caveat which Jongkees
(1967) has pointed out regarding examination of the vestibular organs:
We do not actually examine the vestibular organs themselves; we examine
equilibrium reactions.

In using all the abovementioned tests, at least

three assumptions are made:

(a) that all extravestibular contributions
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to equilibrium are being eliminated or controlled, (b) that a sufficient
level of mental alertness has been maintained, and (c) that the equi
librium reactions accurately reflect the status of the peripheral
vestibular organs.

The strength of our conclusions regarding test

results rests on the veracity of these assumptions.
In humans, stimulation of a single vestibular organ can never be
accomplished.

Generally, stimulation of the peripheral organs produces

a chain of reactions in the entire central vestibular system and in
adjacent parts of the CNS as well, leading to many reactive couplings,
inhibitions and modifications (Jongkees, 1975).

This explains why

identical stimuli may not provoke the same response although they have
the same mechanical effect on the peripheral vestibular end organs.
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APPENDIX B
ASSENT FORM FOR CHILDREN
Nancy Hillman has asked me to help her learn more about our sense
of balance by performing some tests for her.

She has explained them to

me and has told me I can quit at any time if I change my mind.
answered all my questions.
will do today will hurt me.

She has

She has told me that none of the things we
I am volunteering to help her:
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APPENDIX C
CONSENT FORM FOR PARENTS
A series of tests and questionnaires is being given in the Life
Sciences Building on the L.S.U. campus in order to compare children's
equilibrium, motor development, and personality. Equilibrium, the sense
of balance located in the inner ear, will be measured by two procedures.
They will both be made to appear like games: both involve activities
your child engages in daily. In the first your child will sit in a
swivel-type desk chair fastened by a safety belt, be rotated for a
minute, then stopped and asked about sensations of motion. This will be
done in both clockwise and counter-clockwise directions while your child
is blindfolded. This test sometimes causes temporary dizziness and
nausea in adults but usually not in children. In the second test your
child will be asked to lie on a hammock which is about 18 inches from
the floor. Again blindfolded and fastened with a safety belt, he/she
will be swung gently to and fro for a minute and asked to describe
sensations of motion. For these two tests your child's eye waves will
be measured and recorded in the same way that brain waves are measured.
Knowing the movements of your child's eyes will give us a better idea of
how well his/her sense of balance is working. Your child will then be
asked to draw a picture of himself/herself and of some geometric figures.
You will be asked to answer a questionnaire regarding your child's motor
development and one regarding your child's personality.**
Participation in this experiment will cause no physical or psycho
logical harm. In fact, information from the tests and questionnaires
may be beneficial to your child. This information will not be used for
any purpose not approved by you and by your child. No one but the
experimenter and those helping her will know your child's performance.
This will not be told to anyone without permission from you and your
child. If you let your child volunteer to participate in this experiment
he/she may withdraw at any time during testing. Everything your child is
asked to do will be carefully explained and all questions answered in a
manner he/she will understand. After the experimenter has explained all
the abovementioned things and immediately before testing, your child will
be asked to sign a consent form saying he/she is willing to be in the
study.
I,

, give ray consent

for my child, ________________________________________ , to participate in
this experiment which is to be conducted by Nancy Hillman, a doctoral
student jn psychology at L.S.U. If I have any questions regarding the
nature of this experiment, I will call Nancy Hillman at 388-8500 or
766-7548, and she will be glad to answer them.

Signed ____________________________________________ Date
**A hearing examination will be offered also.
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APPENDIX D

Please allow Nancy Hillman, a doctoral student in psychology,
to see the latest audiological assessment for my child,
. for the purposes of her
research.
Thank y o u .

Date

Signature of Parent

Appendix E
Summary Tables for Analyses of Regression of PRP Nystagmus
Parameters on Age by Trial and Testing Time
for Both Groups of Children
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Table

36

Analyses of Regression of PRP Nystagmus Frequency on Age by Trial and
Testing Time for Normal-Hearing Children

Time
Trial 1

0 - 1 0 sec
Trial 1

11 - 20 sec
Trial 2

0 - 1 0 sec
Trial 2

11 - 20 sec

Source
Total
Age
Error
Total
Age
Error
Total
Age
Error
Total
Age
Error

df

MS

F

P

87

1
86

.5754
.3700

1.55

.2158

.3796
.2536

1.50

.2245

1.0423
.4542

2.29

.1336

.2322
.2854

.81

.3697

87

1
86
84

1
83
84

1
83

Table 37
Analyses of Regression of PRP Nystagmus Frequency on Age by Trial and
Testing Time for Hearing-Impaired Children

Time

Trial 1

0 - 1 0 sec
Trial 1

11 - 20 sec
Trial 2

0 - 1 0 sec
Trial 2

11 - 20 sec

Source

Total
Age
Error
Total
Age
Error

df

MS

F

.0904
.6579

.14

.7136

1.1449
.4318

2.65

.1143

.7301
.9202

.79

.3804

1.1201
.4364

2.57

.1200

P

30

1
29
30

1
29

Total
Age
Error

30

Total
Age
Error

30

1
29

1
29
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Table 38
Analyses o£ Regression of PRP Nystagmus Amplitude on Age by Trial and
Testing Time for Normal-Hearing Children

Time
Trial 1

0 - 1 0 sec
Trial 1

11 - 20 sec
Trial 2

0 - 1 0 sec
Trial 2

11 - 20 sec

Source
Total
Age
Error
Total
Age
Error
Total
Age
Error
Total
Age
Error

df

MS

F

P

87

1
86

102.7537
10.9292

9.40

.0029

95.8377
8.4717
•

11.31

.0012

118.5382
11.4911

10.32

.0019

80.5726
7.8427

10.27

.0019

87

1
86
84

1
83
84

1
83

Table 39
Analyses of Regression of PRP Nystagmus Amplitude on Age by Trial and
Testing Time for Hearing-Impaired Children

Time
Trial 1

0 - 1 0 sec
Trial 1

11 - 20 sec
Trial 2

0 - 1 0 sec
Trial 2

11 - 20 sec

Source
Total
Age
Error

df

MS

F

P

30

1
29

Total
Age
Error

27

Total
Age
Error

29

Total
Age •
Error

29

1
26

1
28

1
28

37.4197
11.4791

3.76

.0814

16.3006
4.4761

3.64

.0674

32.3652
13.9002

2.33

.1383

63.5161
3.7650

16.87

.0003
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Table 40
Analyses of Regression of SPV of Nystagmus on Age by Trial and Testing
Time for Normal-Hearing Children

Time
Trial 1

0 - 1 0 sec
Trial 1

11 - 20 sec
Trial 2

0 - 1 0 sec
Trial 2

11 - 20 sec

Source
Total
Age
Error

df

F

P

87

1
86

Total
Age
Error

87

Total
Age
Error

84

Total
Age
Error

MS

1
86
1
83

332.2180
250.8564

1.32

.2530

579.4672
105.1116

5.51

.0212

1111.1348
196.9480

5.64

.0198

420.6535
106.9591

3.93

.0507

84

1
83

Table 41
Analyses of Regression of SPV of Nystagmus on Age by Trial and Testing
Time for Hearing-Impaired Children

Time
Trial 1

0 - 1 0 sec
Trial 1
11 - 20 sec
Trial 2

0 - 1 0 sec
Trial 2

11 - 20 sec

Source
Total
Age
Error

df

F

P

30

1
29

Total
Age
Error

27

Total
Age
Error

29

Total
Age
Error

MS

1
26

1
28

31.9468
251.4504

.13

.7241

130.2379
36.6101

3.56

.0705

467.0332
250.9358

1.86

.1834

788.5734
114.5337

6.89

.0139

29

1
28

APPENDIX F

Summary Tables for Least-Squares Analyses of Variance
for PRP Nystagmus Parameters during Both Trials
for Both Groups of Children
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Table

Least-Squares Analyses of Variance for PRP Nystagmus Frequency during
Trial 1 for Normal-Hearing Children

Time

0 - 1 0 sec

11 - 20 sec

Source

df

Total
Sex
Age
Sex X Age
Error

89

Total
Sex
Age
Sex X Age
Error

89

MS

1
2
2
84

1
2
2
84

Table

F

P

.6771
.9783
.3757
.3703

1.83
2.64

.1800
.0772
.3670

.5167
.4905
.0254
.2515

2.05
1.95

1.01

.10

.1555
.1487
.9040
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Least-Squares Analyses of Variance for PRP Nystagmus Frequency during
Trial 2 for Normal-Hearing Children

Time

0 - 1 0 sec

11 - 20 sec

Source
Total
Sex
Age
Sex X Age
Error
Total
Sex
Age
Sex X Age
Error

df

86
1
2
2
81

86
1
2
2
81

MS

F

P

1.6206
1.1833
.2393
.4610

3.52
2.57
.52

.0644
.0830
.5970

1.2419
.3293
.4184
.2641

4.70
1.25
1.58

.0331
.2928
.2114
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Table

Least-Squares Analyses of Variance for PRP Nystagmus Frequency during
Trial 1 for Hearing-Impaired Children

Time

0 - 1 0 sec

11 - 20 sec

Source

df

Total
Sex
Age
Sex X Age
Error

32

Total
Sex
Age
Sex X Age
Error

32

MS

1
2
2
27

1
2
2
27

F

P

.0428
.8291
.1858
.6536

.07
1.27
.28

.7998
.2975
.7547

.8687
.5239
.0946
.4139

2.10

.1589
.2983
.7972

1.27
.23
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Table

Least-Squares Analyses of Variance for PRP Nystagmus Frequency during
Trial 2 for Hearing-Impaired Children

Time

0 - 1 0 sec

11 - 20 sec

Source

df

Total
Sex
Age
Sex X Age
Error

32

Total
Sex
Age
Sex X Age
Error

32

1
2
2
27

1
2
2
27

MS

.1438
1.9050
.0770
.8514

.0707
.9573
.0281
.4312

F

P

.17
2.24
.09

.6843
.1261
.9138

.16

.6889
.1288
.9369

2.22
.07
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Table 46
Least-Squares Analyses of Variance for PRP Nystagmus Amplitude during
Trial 1 for Normal-Hearing Children

Source

Time

df

MS

F

P

0 - 1 0 sec
•

11 - 20 sec

Total
Sex
Age
Sex X Age
Error

Total
Sex
Age
Sex X Age
Error

89

1
2
2
84

11.4708
58.3946
13.7585
10.6505

1.08
5.48
1.29

.3023
.0058
.2802

.2362
69.0256
10.6271
8.0484

.03
8.58
1.32

.8644
.0004
.2725

89

1
2
2
84

Table 47
Least-Squares Analyses of Variance for PRP Nystatmus Amplitude during
Trial 2 for Normal-Hearing Children

Time

0 - 1 0 sec

11 - 20 sec

Source
Total
Sex
Age
Sex X Age
Error
Total
Sex
Age
Sex X Age
Error

df

86
1
2
2
81

86
1
2
2
81

MS

F

P

37.8428
74.1098
8.0965
11.3056

3.35
6.56
.72

.0710
.0023
.4917

3.4113
48.6486
3.3367
7.6716

.44
6.34
.43

.5068
.0028
.6488
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Table 43
Least-Squares Analyses of Variance for PRP Nystagmus Amplitude during
Trial 1 for Hearing-Impaired Children

Time

0 - 1 0 sec

11 - 20 sec

Source
Total
Sex
Age
Sex X Age
Error
Total
Sex
Age
Sex X Age
Error

df

MS

F

P

31

1
2
2
26

6.8698
28.3775
.4090
11.8707

.58
2.39
.03

.4537
.1114
.9662

7.6275
21.3237
4.9797
3.7251

2.05
5.72
1.34

.1659
.0096
.2823

31

1
2
2
26

Table 49
Least-Squares Analyses of Variance for PRP Nystagmus Amplitude during
Trial 2 for Hearing-Impaired Children

Time

0 - 1 0 sec

11 - 20 sec

Source
Total
Sex
Age
Sex X Age
Error
Total
Sex
Age
Sex X Age
Error

df

MS

F

P

.08
2.63
1.72

.7819
.0919
.1996

30

1
2
2
25

1.1287
37.9206
24.7902
14.4152

30

1
2
2
25

9.0262
43.0365
1.8464
4.6727

1.93

.1768

9.21

.0010

.40

.6777
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Table

Least-Squares Analyses of Variance for SPV of PRP Nystagmus
during Trial 1 for Normal-Hearing Children

Time

Source

0 - 1 0 sec

11 - 20 sec

Total
Sex
Age
Sex X Age
Error
Total
Sex
Age
Sex X Age
Error

df

MS

F

P

89

1
2
2
84

46.2693
352.1638
81.3577
250.1197

.18
1.41
.33

.6682
.2504
.7232

51.2812
594.9561
211.9899
99.3152

.52
5.99
2.13

.4744
.0037
.1247

89

1
2
2
84

Table
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Least-Squares Analyses of Variance for SPV of PRP Nystagmus
during Trial 2 for Normal-Hearing Children

Time

Source

0 - 1 0 sec

11 - 20

sec

Total
Sex
Age
Sex X Age
Error
Total
Sex
Age
Sex X Age
Error

df

86
1
2
2
81

86
1
2
2
81

MS

17,2876
570.3667
145.5598
199.2860

3.8540
412.8318
26.5682
106.9225

F

P

.73

.7691
.0629
.4849

.04
3.86
.25

.8499
.025 0
.7806

.09

2.86
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Table 52
Least-Squares Analyses of Variance for SPV of PRP Nystagmus during Trial
1 for Hearing-Impaired Children

Time

0 - 1 0 sec

11 - 20 sec

Source

df

Total
Sex
Age
Sex X Age
Error

31

Total
Sex
Age
Sex X Age
Error

28

1
2
2 26

1
2
2
23

MS

F

P

384.0442
219.2747
140.1331
235.2529

1.63
.93
.60

.2127
.4065
.5585

23.2768
101.0665
22.3904
41.4612

.56
2.44
.54

.4613
.1096
.5899

Table 53
Least-Squares Analyses of Variance for SPV of PRP Nystagmus during Trial
2 for Hearing-Impaired Children

Time

0 - 1 0 sec

11 - 20 sec

Source
Total
Sex
Age
Sex X Age
Error
Total
Sex
Age
Sex X Age
Error

df

MS

F

P

30

1
2
2
25

314.1633
575.2065
500.7420
296.1781

1.06
1.94
1.69

.3129
.1644
.2048

.00

.9453
.0315
.8561

30

1
2
2
25

.6534
541.6837
21.2740
136.0433

3.98
.16

APPENDIX G
Summary Tables for Comparisons of PRP Nystagmus
Parameters for CW v s . CCW Rotations by LeastSquares Analyses of Variance for Both
Groups of Children
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54

Comparisons c£ PRP Nystagmus Frequency for CW vs. CCW Rotations by LeastSquares Analyses of Variance for N o m a 1-Hearing Children

Time
Trial 1

0 - 1 0 sec
Trial 1

11 - 20 sec
Trial 2

0 - 1 0 sec
Trial 2

11 - 20 sec

Source

df

Total
Direction
Error

89

Total
Direction
Error

89

Total
Direction
Error
Total
Direction
Error

1
88

F

P

.7200
.5816

1.89

.1731

1
88

.0076
.2571

.03

.8638

86
1

.0322

.07

.7984

85

.4917
.16

.6900

86
1
85

Table

MS

.0462
.2889
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Comparisons of PRP Nystagmus Frequency for CW vs. CCW Rotations by Least
Squares Analyses of Variance for Hearing-Impaired Children

Time
Trial 1

0 - 1 0 sec
Trial 1
11

-

20 sec

Trial 2

0 - 1 0 sec
Trial 2

11 - 20 sec

Source

df

Total
Direction
Error

32

Total
Direction
Error

1
31

MS

F

P

.0318
.6368

.06

.8081

.6111
.4245

1.44

.2393

.2994
.8813

.34

.5642

.0034
.4592

.01

.9312

32

1
31

Total
Direction
Error

32

Total
Direction
Error

31

1
31

1
30
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Comparisons of PRP Nystagmus Amplitude for CW vs. CCW Rotations by LeastSquares Analyses of Variance for Normal-Hearing Children

Time
Trial 1

0 - 1 0 sec
Trial 1

11 - 20 sec
Trial 2

0 - 3 0 sec
Trial 2

11 - 20 sec

Source

df

Total
Direction
Error

89

Total
Direction
Error

1
88

MS

F

P

18.5237
11.7117

1.58

.2119

29.9280

3.27

;0740

4.5052
13.2293

.34

.5611

1.1951
8.6044

.14

.7103

89

1
88

Total
Direction
Error

86
1
85

86
1

Total
Direction
Error

85

Table

9.1550

57

Compariscns of PRP Nystagmus Amplitude for CW vs. CCW Rotations by LeastSquares Analyses of Variance for Hearing-3inpaired Children

Time
Trial 1

0 " 10 sec
Trial 1

11 - 20

sec

Trial 2

0 - 1 0 sec
Trial 2

11 - 20

sec

Source

df

Total
Direction
Error

31

Total
Direction
Error

1
30

MS

F

p

1.1113
12.4839

.09

.7675

.4908
4.9074

.10

.7542

14.6334
16.0229

.91

.3471

20.7944
6.8737

3.03

.0926

28

1
27

Total
Direction
Error

30

Total
Direction
Error

30

1
29

1
29
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Table

58

Compsrisons of SPV of PRP Nystagmus for CW vs. CCW Rotations by LeastSquares Analyses of Variance for Normal-Hearing Children

Time
Trial 1

Trial 1

11 - 20 sec
Trial 2

0 - 10 sec

p

59

1
88

Total
Direction
Error

1974.4537
226.7384

8.71

.0041

419.3021
109.1529

3.84

.0532

449.8659
201.4590

2.23

.1388

8.9543
112.3860

.7784

89

1
88

Total
Direction
Error

86
1

Total
Direction
Error

86
1

85

85

Table

•

11 - 20 sec

F

o

Trial 2

Total
Direction
Error

MS

00

0 - 1 0 sec

df

Source
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Comparisons of SPV of PRP Nystagmus for CW vs. CCW Rotations by LeastSquares Analyses of Variance for Hearing-Impaired Children

Time
Trial 1

11 - 20 sec
Trial 2

0 - 1 0 sec
Trial 2

11 - 20 sec

Total
Direction
Error

31

Total
Direction
Error

28

Total
Direction
Error
Total
Direction
Error

1
30

1
27

MS

F

P

1.2479
247.1835

.01

.9438

35.7188
44.0627

r*l

Trial 1

df

00

0 - 1 0 sec

Source

.3759

959.2541
303.4173

3.16

.0859

565.6833
139.5700

4.05

.0535

30

1
29
30

1
29

APPENDIX H

Summary Tables for Analyses of Regression of SPV of PRP
Nystagmus on Age by Direction of Rotation for
Normal-Hearing Children
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Table 60
Analysis of Regression of SPV of PRP Nystagmus on Age for the
First 10 Sec of Trial 1 by Direction of Rotation
for Normal-Hearing Children

Direction
of
Rotation

CW

Source

df

Total

47

MS

F

1

156.0942

.45

.5063

Error

46

347.8700

Total

39
3.15

.0840

Age

CCW

Age
Error

1

283.6206

38

90.1046

p

APPENDIX I

Summary Tables for Least-Squares Analyses of Variance
for Habituation Effects for PRP Nystagmus Parameters
for Both Groups of Children
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Table 61
Least-Squares Analyses of Variance for Differences within
Each of the Three PRP Nystagmus Variables at the
Four Different Testing Times for Normaland Impaired-Hearing Children

Hearing
Status

Source

Norma 1

Total
Frequency
Error

353
3
350

16.9941
.3525

48.21

.0001

Total
Amplitude
Error

353
3
350

221.5230
10.7037

20.70

.0001

Total
SPV
Error

353
3
350

9350.1234
168.8224

55.38

.0001

Total
Frequency
Error

130
3
127

3.2027
.5901

5.43

.0017

Total
Amplitude
Error

122
75 .2854
10.1517

7.42

.0002

Total
SPV
Error

122
2225.0726
193.3927

11.51

.0001

Impaired

df

3
119

3
119

MS

F

P

APPENDIX J

The Actual Words the Children Used to Describe Their
Visceral Sensations to the Rotating Chair Test and
How They were Grouped into Categories
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Appendix

j

The Actual Words The Children Used to Describe Their Visceral Sensa
tions to the Rotating Chair Test and How They Were Grouped Into
Categories

Head Changes: dizzy, hurts, aches, feels funny
Stomach Changes: butterflies, tickles, flip-flops, tingles, upset,
queasy, hurts, feels strange, feels funny, may vanit
Temperature Changes;

goosebumps, chillbumps, cold, hot, chilly

Upper Extremity Changes;

tingling, numb, asleep, feels funny, ache

Lower Extremity Changes;
hurt, feel
feels like
pain in my

tickle, tingle, running away, cramps, asleep,
shaky, numb, feel funny, knees trembled,
they are running away, they wanted to move,
feet

Vague. Whole Body Changes: floating, feel lighter, feel funny but
can't describe how, or where, feel weird, feel confused

APPENDIX K

Summary Tables for Least-Squares Analyses of Variance
for PRP Nystagmus Parameters for Both Trials for
All Children with Presumed Normal
Vestibular Function
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Table 62
Least-Squares Analyses of Variance for PRP Nystagmus Frequency
for Both Trials for All Children with Presumed Normal
Vestibular Function

Time

Source

df

MS

Trial 1

0 - 1 0 sec

Trial 1
11 - 20 sec

Total
Hearing Status
Error

116
1
115

3.4283
.4016

8.54

.0042

Total
Hearing Status
Error

115
1
114

1.0967
.2698

4.06

.0462

Total
Hearing Status
Error

113
1
112

1.6218
.4781

3.39

.0681

Total
Hearing Status
Error

112
1
111

.7297
.2906

2.51

.1159

Trial 2

0 - 1 0 sec

Trial 2
11 - 20 sec
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Table 63
Least-Squares Analyses of Variance for PRP Nystagmus Amplitude
for Both Trials for All Children with Presumed Normal
Vestibular Function

Time

Trial 1
0 - 1 0 sec

Trial 1
11 - 20 sec

Trial 2

0 - 1 0 sec

Trial 2
11 - 20 sec

Source

df

MS

F

p

Total
Hearing Status
Error

111
1
110

1.5474
11.1209

.14

.7098

Total
Hearing Status
Error

111
1
110

8.2280
8.4731

.97

.3266

Total
Hearing Status
Error

108
1
107

15.7292
13.3092

1.18

.2794

Total
Hearing Status
Error

108
1
107

31.7231
8.2649

3.84

.0527
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Table 64
Least-Squares Analyses of Variance for SPV of PRP Nystagmus
for Both Trials for All Children with Presumed Normal
Vestibular Function

Time
Trial 1
0 - 1 0 sec

Trial 1
11 - 20 sec

Trial 2
0 - 1 0 seic-

Trial 2
11 - 20 sec

Source

df

Total
.111
Hearing Status
1
Error
110

MS

99.8166
235.8266

.42

.5167

49.2095
99.7602

.49

.4840

Total
108
Hearing Status
1
Error
107

190.3975
223.0379

.85

.3576

Total
108
Hearing Status
1
Error
107

134.9290
117.8996

1.14

.2871

Total
111
Hearing Status
1
Error
110
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